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ADVERTISEMENT. 
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This Dissertation was published in the Second 
and Fourth Volumes of the Suppleipent to the 
Encyclopaedia Britannica, in which the following 
account of it is given : 

" Mr Playfaie's Dissertation was intended to 
furnish an Historical Sketch of the principal Dis- 
coveries and Improvements in Science, from the 
Revival of lietters to the beginning of the present 
Century ; and, in that portion of it which is pre- 
fixed to the Second Volume of this work, the his- 
tory is brought down to the period marked by the 
commencement of Newton's discoveries. The re- 
maining half was to have completed the design, in 
three parts or subdivisions ; the First, comprehend- 
ing the period of Newton and Leibnitz j the 
Second, that of Euler and D'Alembert ; and 
the Third, that of Lagrange and Laplace. 

" Mr Platfair was proceeding, with his ac- 
customed diligence and ardour, in the execution of 
this interesting and congenial task, when he was 
aeized with the illness of which he died. The^rst 
subdivision of this part of his plan, which embraces 
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a view of the advances made in the most remark- 
able period of the history of Science, was happily 
completed, and the printing finished, while he was 
yet able to correct th^ press. It is now given to 
the Public, under the paii^ul impression that it 
must too probably be considered as a Fragment ; 
for the Editor fears, that the materials collected 
for the completion of the Dissertation, though con« 
taining the results of much elaborate inquiry, and 
profound reflection, cannot be put into a shape 
that would justify their publication as a work of 
Professor Platfair. 
. « Edinlmrgh, December 1819.'' 

The opinion entertained by the Editor of the 
Supplement having since been fully confirmed by 
H caneful examination of the manuscript, the Dis* 
ae^rtation ia here given as it was originally published 
in. that ^ork. 



DISSERTATION. 



PART I. 



In conformity to ihe plan which has been traced 
fmd executed with so much ability in the First Dis- 
sertation, * I am now to present the reader with an 
historical sketch of the principal discoveries made 
in Natural Philosophy, from the revival of letters 
down to the present time. In entering on this 
task, and on looking at the instructive but formid- 
able model already set before me, I should experi* 
ence no small solicitude, did I not trust that the 
subject pf which I am to speak, in order to be in* 
teresting, needs only to be treated with clearness 
and precision. These two requisUes I wiU endea. 
vour to keep steadily in view. 

In the order which I am to follow, I shall be 
guided solely by a regard to the subserviency of 
one science to the progr^ of another, and to the 
consequent priority of the former in the order of 

* Tl^e Dissertation here alluded to is the work of Mr 
Stewart^ containing the History of Metaphysical^ Ethical, ani 
Political Philosqphy.'i^E, 
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regular study. For this reason, tBe history of the 
pure Mathematics will be first considered, as that 
science has been olie of the two principal instru- 
ments applied by the modems to the advancement 
of natural knowledge^ The other instrument is 
Experience ; and, therefore, the principles of the 
inductive method, or of the branch of Logic which 
teaches the application of experiment and observa- 
tion to the interpretation of nature, must be the 
second obji^ct of inquiry ; and ih this article I shall 
gf^e ffii account of Baeon'ft IHiil6M>phy) as applied 
ta l^ysicid investigattoAw After theise two sections, 
#iiieh nay in k)^e measure 'bb coni^idered a» in-^ 
troductory, I am to treat of Kattital Philosophy, 
jmier the divisions of Mechanics^ Astronomy^ and 
Optics; Under thfe general denbmiDation of Me- 
chanics I indude the Theory of Motion, as applied 
Bdt tmly to MEiolids, but to flui^ both incompressi- 
Ue and ehstic. Optics I have placed after Astro- 
nomy, beeause the discoveries in Mechanics have 
much less affected the progress of the former of 
these sciences than of the latter* To these will 
succeed a dxth diviilion,^ cbntainiiig the laws of the 
tiiree unknown substances, if^ indeed, they may be 
oidled substances,— ^Heat^ Electricity, and Magnet- 
imn. These, though very different, agree in some 
general characters. They permeate all substances, 
though not with the same facility ; and, if other 
bodies had been foimed in the same manner with 
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them, the idea of impenetrability would never have 
been suggested to the mind. They seem to receive 
motion, without taking any away from the body 
which communicates it ; so that they can hardly 
be considered as inert. Two of them, Heat and 
Electricity, are perceived by the sense of touch j 
but the impression which they make does not con- 
vey any idea of resistance. The third is not per- 
ceived by touch ; and, therefore, all the three 
m^ht be denominated impalpdble substances; If 
they have any gravity, it cannot be appreciated ; 
and, for these reasons^ had it ncet too paradoxical 
an appearance, We might class them together as 
material but incorporeal substances. We know, 
indeed, nothing of them but as powers^ tramsfeiafate 
from one body to another ; and it is in conse- 
quence of this last circumstance alone that they 
are entitled to the name of substances. 

Though the general design of this historical 
sketch extends from the revival of letterr to the 
beginning of the nineteenth century, I shall, in the 
present Part, confine myself entirely, as has been 
done in the first Discourse, to the period preced- 
ing the end of the seventeenth century, or, more 
precisely, to that preceding the invention of the 
fluxionary calculus, and the discovery of the prin- 
ciple of gravitation ; — one of the tnost remarkable 
epochas, without doubt, in the history of human 
knowledge. 



^ 
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Section I. 

MATHEMATICS. 

!• Geometry. 

The great inheritaiice of mathematical know- 
ledge which the ancients bequeathed to poste- 
rity could not, on the revival of learning, be 
immediately taken possession of, nor could even 
its existence be discovered, but by degrees. 
Though the study of the Mathematics had never 
been entirely abandoned, it had been reduced 
to matters of very simple and easy comprehen- 
sion, such as were merely subservient to prac- 
tice. There had been men who coidd compute 
the area of a triangle, draw a meridian line, or 
even construct a sun-dial, in the worst of times; 
but between such skill, and the capacity to under- 
stand or the. taste to relish, the demonstrations of 
Euclid, Apollonius, or Archimedes, there was a 
great intenral. and many difficulties were to be 
overcome, for which much time, and much subsidi- 
ary jknpwledge, were necessary. The repositories 
of the ancient treasures were to be opened, and 
made accessible ; the knowledge of the languages 
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was to be acquired; the manuscripts were to be 

deciphered ; and the skill of the grammarian and 

the critic were to precede, in a certain degree, that 

of the geometriydan or the astronomer* The obli» 

gations which we have to those who undertook this 

laborious and iricsome task, and who rescued the 

ancient books fiom the prisons to which ignorance 

and barbarism had condemned them, and from the 

final destruction by which they must soon have 

been overtaken, are such as we can never sufficient* 

ly acknoidedge ; and, indeed, we shall never know 

even the names of many of the benefactors to whom 

our tbanks are due. In the midst of the wars, the 

confusion^ and' bloodshed, which overwhelmed £u« 

rope during the middle ages, the religious houses 

and menasteri^ afforded to the remains of ancient 

learning an asylum, which a salutary prejudice 

forced even the most lawless to:req>ect ; and the 

authors who have given the best account of the re, 

rival of letters, agree that it is in a great measure 

to those establishments that we owe the safety of 

the books which have kept alive the scientific and 

literary attainments of Greece and Rome* 

The study of the remains of antiquity gradually 
produced men of taste and intelligence, who were 
able to correct the faults of the manuscripts they 
eopiedj and to explain the difficulties of the authors 
they translated. Such were Purbacfa, R^iomcmta^ 
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nus, Commandine, Maurolycus^ and many others. 
By their means, the writings of Euclid, Archi- 
medes, Apollonius^ Ptolemy, and Pappus, became 
known and accessible to men of science. Arabia 
contributed its « share towards this great renova- 
tion, and from the language of that country was 
derived the knowledge of many Greek books, of 
the originals of which, some were not found till 
long afterwards, and others have never yet been 
discovered. 

In nothing, perhaps, is the inventive and elegant 
genius of the Greeks better exemplijSed than in 
their geometry. The elementary truths of that 
science were connected by Euclid into one great 
chain, beginning from the axioms, and extending 
to the properties of the five regular solids ; the 
whole digested into such admirable order, and ex- 
plained with such clearness and precision, that no 
similar work of superior excellence has appeared, 
even m the present advanced state of mathematical 
science. 

Acrchimedes had assailed the more difficult pro- 
blems of geometry, and by means of the method of 
Exhaustions, had demonstrated many curious and 
important theorems, with regard to the lengths 
and areas of curves, and the contents of soUds. 
The same great geometer had given a beginning 
to physico*mathematical science, by investigating 
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several propositions, and resolving several problems 
in Mechanics and Hydrostatics. 

ApoUonius had. treated of the Conic Sections,—-^ 
the Curves which, after the circle, are the most 
simple and important in geometry ; and, by his 
elab(»nite and profound researches, had laid the 
foundation of discoveries which were to iUustrate 
very distant ages. 

Another great invention, the Geometrical Analy- 
sis,, ascribed very generally to the Platonic schod, 
but most successfully cultivated by the geometer 
just nabied, is. one of the most ingenious and beau* 
tiful contrivances in the mathematics. It is a me- 
thod of discovering truth by reasoniiig concerning 
things unknown, or propositions merely supposed, 
as if the one were given, or the other were really 
true. . A quantity that is unknown, is only to be 
found from the relations which it bears to quanti- 
ties that are known. By reasoning on these rela- 
tions^ we come at last to some one so simple, that 
the thing sought is thereby determined. By this 
analytical process, therefore, the thing required is 
discovered, and we are at the same time put in 
possession of an instrument by* which new truths 
may be found out, and which, when skill in using 
it has been acquired by practice, may be applied to 
an unlimited extent. 

A similar process enables us to discover the de- 
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monstrations-of propositions, supposed to be true, 
or, if not true, to discover that they are false. 

Xhis method, to the consideration of which we 
shaU again haye an opportunity of returning, was 
perhaps the most valuable part of the ancient ma- 
daietnalicsy inasmuch, as a method of discovering 
truth ia more valuable i^an the trutibs it has already 
discovered. Unfortunately, however, the fragments 
containing this precious jenmant had suffered more 
from the iiyuries of time than almost any other. 

In the fifteenth century^ Regiomcmtanus, already 
mentioned, is the mathematician who holds the 
highest rank. To him we owe many translations 
and commentaries, together with iieveral original 
and valuable works of his own. Trigonometry, 
which had never been known to the Greeks as a 
sq^arate science, and which took that form in Ara- 
bia, advanced, in the hands of Regiomontanus, to 
a great degree of perfection, and approached very 
near to the condition which it has attained at the 
present day. He also introduced the use of deci* 
mal ficaction^ into arithmetic, and thereby gave to 
that 49cale its full extent, and to numerical compu- 
tation the utmost d^ee of simplicity and enlarge- 
inent which it seems capable of attaining. 
> Thii^ eminent man was cut off in the prime of 
life; and his untimely death, says Mr Smith, 
amidst inn^merabIe projects for the advancement 
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of science^ is even at this day a matter of regret. * 
He was buried in the Pantheon at Rome ; and the 
honours paid to him at his death prove that science 
had. now become a distinction which the great were 
disposed to recognize. 

Werner, who lived in the end of this century, 
is the first among the modems who appears to 
have been acquainted with the geometrical ana- 
lysis. His writings are very rare, and I have never 
had an opportunity of examining them. What I 
here assert is on the authority of Montuda, whose 
judgment in this matter may be safely relied on, as 
he has showB^ by many instances, that he was well 
acquainted with the nature of the analysis referred 
to. It is not a little remarkable that Werner 
should have understood this subject, when we find 
many eminent mathematicians, long after his time, 
entirely unacquainted with it, and ^ jcontinually ex- 
pressing their astonishment how the ancient geo- 
meters found out those simple and elegant con* 
structions and demonstrations, of which they have 
given so many examples. In the days of Werner, 
there was no ancient book known except the Data 
of Euclid, from which any information concemihg 
the geometricial analysis could be coUeoted ; and it 
is highly to his credit, that, without any other help, 

^— — i^— ■^^■^ II m^^^m^ — i^ii— l^W^.^fcw^^»^»Mfc— i^  II I I I <  1 I llM^^i^M^*— ^—  III ^ 

S 

 History of Astronomy, p. 90. Regiomontanus was bom 
in . 1 436^ and died in 1 476. 
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be should have come to the knowledge of a method 
not a little recondite in its principles, and among 
the finest inventions either of ancient or of modem 
science. Werner resolved, by means of it, Archi- 
medes's problem of cutting a sphere into two seg- 
ments, having a given ratio to one another. He 
proposed also to translate, from the Arabic, the 
work of Apollenius, entitled SecHo Rationis, rightly 
judging it to be an elementary work in that analy- 
sis, and to come next after the Data of Euclid. * 

Benedetto, an Italian mathematician, appears al- 
so to have been very eariy acquainted with the 
principles of the same ingenious method, as he 
published a book on the geometrical analysis at 
Turin in 1585. 

Maurolycus of Messina flourished in the middle 
of the sixteenth century, and is justly r^arded as 
the first geometer of that age. Beside furnishing 
many valuable translations and commentaries, he 
. wrote a treatise on the conic sections, which is 
highly esteemed. He endeavoured also to restore 
the fifth book of the conies of Apollonius, in which 
that geometer treated of the maxima and minima 
of the conic sections. His writings all indicate a 
man of clear conceptions, and of a strong under- 
standing ; though he is taxed with having dealt in 
astrological prediction. 



• See Montuda^ Vol. I. p. 470- 
1 
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In the early part of the seventeenth century, 
Cavalieri was particularly distinguished, and made 
An advance in the higher geometry, which occupies 
the middle place between the discoveries of Archi? 
modes and those of Newton. 

For the purpose of determining the lengths and 
areas of curves, and the contents of solids contain^ 
ed within curve superficies, the ancients had invents 
ed a method, to which the name of Exhaustions 
has been given ; and in nothing, perhaps, have 
they more displayed their powers of mathematical 
invention. 

Whenever it is required to measure the space 
bounded by curve lines, the length of a curve, or 
the soM contained within a curve superficies, the in* 
vestigation does not fall within the range of eler 
mentary geometry. Rectilineal figures are com- 
pared* on the principle of superposition, by help of 
the BOtion of equality which is derived from the 
coinicidence of magnitudes both similar and equal* 
Two rectangles of equal bases and equal altitudes 
are h^ld to be equal, because they can perfectly 
coiiieide. A rectangle and an oblique angled p»- 
r^llielpgram, having equal bases and altitudes, are 
shown to be equal, because the same triangle, taken 
from the rectangle on one side, and added to it on 
the other, converts it into the parallelogram ; and 
thus two ma^tudes which are not similar, are 
shown to have equal areas. In like manner, if a 
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triangle and a parallelogram have the same base 
and altitude, the triangle is shown to be half the 
parallelogram ; because, if to the triangle there be 
added another, similar and equal to itself, but in 
the reverse position, the two together will compose 
a parallelogram, having the same base and altitude 
with the given triangle. The same is true of the 
comparison of all other rectilineal figures ; and if 
the reasoning be carefully analyzed, it will always 
be found to be reducible to the primitive and ori- 
ginal idea of equality, derived from things that 
coincide or occupy the same space ; that is to say, 
the areas which are proved equal are always such 
as, by the addition or subtraction of equal and si- 
milar parts, may be rendered capable of coinciding 
with one another. 

This principle, which is quite general with re- 
spect to rectilineal figures, must fail, when we 
would compare curvilineal and rectilineal spaces 
with one another, and make the latter serve as 
measures of the former, because no addition or sub- 
traction of rectilineal figures can ever produce a fi- 
gure which is curvilineaL It is possible, indeed, 
to combine curvilineal figures, so as to produce one 
that is rectilineal j but this principle is of very li- 
mited extent ; it led to the quadrature of the lu- 
nuke of Hippocrates, but has hardly furnished any 
other result which can be considered as valuable in 
science. 
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In the difficulty to which geometers were thus 
reduced, it might occur, that, by inscribing a rec- 
tilineal figure within a curve, and circumscribing 
another round it, two limits could be obtained, one 
greater and the other less than the area required* 
It was also evident, that, by increasing the number, 
and diminishing the sides of those figures, the two 
limits might be brought continually nearer to one 
another, and of course nearer to the curvilineal 
area, which was always intermediate between them. 
In prosecuting this sort of approximation, a result 
was at length found out, which must have occasion- 
ed no less surprise than delight to the mathemati- 
cian who first encountered it. The result I mean 
is, that, when the series of inscribed figures was 
continually increased, by multiplying the number 
of the sides, and diminishing their size, there was 
an assignable rectilineal area, to which they conti- 
nually approached, so as to come nearer it than any 
difference that could be supposed. The same limit 
would also be observed to belong to the circum- 
scribed figures, and therefore it could be no other 
than the curvilineal area required. 

It appears to have been to Archimedes that a 
truth of this sort first occurred, when he found 
that two-thirds of the rectangle, under the ordinate 
and abscissa of a parabola, was a limit always greater 
than the inscribed rectilineal figure, and less than 
the circumscribed. In some other curves, a similar 

VOL. II. B 
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conclusion was found, and Archimedes contrived 
to show that it was impossible to suppose that the 
area of the curve could differ from the said limit, 
without admitting that the circumscribed figure 
might become less, or the inscribed figure greater 
than the curve itself. The method of Exhaustions 
was the name given to the indirect demonstrations 
thus formed. Though few things more ingenious 
than this method have been devised, and though 
nothing could be more conclusive than the demon- 
strations resulting from it, yet it laboured under 
two very considerable defects. In the first place, 
the process by which the demonstration was obtain- 
ed was long and difficult ; and, in the second place, 
it was indirect, giving no insight into the principle 
on which the investigation was founded. Of con- 
sequence, it did not enable one to find out similair 
demonstrations, nor increase one's power of making 
more discoveries of the same kind. It was a de- 
monstration purely synthetical, and required, as all 
indirect reasoning must do, that the conclusion 
should be knovm before the reasoning is begun. 
A more compendious, and a more analytical me- 
thod, was therefore much to be wished for, and 
was an improvement, which, at a moment when the 
field of mathematical science was enlarging so &st, 
seemed particularly to be required. 

Cavalieri, born at Milan in the year 1598, is the 
person by whom this great improvement was made. 
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The principle on which he proceeded was, that 
areas may be considered as made up of an infinite 
number of parallel lines ; solids of an infinite num- 
ber of parallel planes ; and even lines themselves, 
whether curve or straight, of an infinite number of 
points. The cubature of a solid being thus re- 
duced to the summation of a series of planes, and 
the quadrature of a curve to the summation of a 
series of ordinates, each of the investigations was 
reduced to something more simple. It added to 
this simplicity not a little, that the sums of series 
are often more easily found, when the number of 
terms is infinitely great, than when it is finite, and 
actually assigned. 

It appears that a tract on stereometry, written by 
Kepler, whose name will hereafter be often men- 
tionedy first led Cavalieri to take this view of geo- 
metrical magnitudes. In that tract, which was 
published in 1615, the measurement of many solids 
was proposed, which had not before fallen under 
the consideration of mathematicians. Such, for 
example, was that of the solids generated by the 
revolution of a curve, not about its axis, but about 
any line whatsoever. Solids of that kind, on ac- 
count of their affinity with the figure of casks, and 
vessels actually employed for containing liquids, ap- 
peared to Kepler to offer both curious and useful 
subjects of invest^ation. There were no less than 
eighty-four such solids^ which he proposed for the 
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consideration of mathematicians. He was, how- 
ever, himself unequal to the task of resolving any 
but a small number of the simplest of these pro- 
blems. In these solutions, he was bold enough to 
introduce into geometry, for the first time, the idea 
of infinitely great and infinitely small quantities, 
and by this apparent departure from the rigour of 
the science, he rendered it in fisict a most essential 
service. Kepler conceived a circle to be composed 
of an infinite number of triangles, having their 
common vertex in the centre of the circle, and 
their infinitely small bases in the circumference* 
It is to be remarked, that Galileo had also intro- 
duced the notion of infinitely small quantities, in 
his first dialogue, De Mechanica, where he treats 
of a cylinder cut out of a hemisphere ; and he has 
done the same in treating of the acceleration of 
falling bodies. Cavalieri was the friend and dis- 
ciple of Galileo, but much more profound in the 
mathematics. In his hands the idea took a more 
regular and systematic form, and was explained in 
his work on indivisibles, published in 1635. 

The rule for summing an infinite series of terms 
in arithmetical progression had been long known, 
and the application of it to find the area of a trian- 
gle, according to the method of indivisibles, was a 
matter of no difficulty. The next step was, sup- 
posing a series of lines in arithmetical progression, 
and squares to be described on each of them, to 
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find what ratio the sum of all these squares bears to 
the greatest square, taken as often as there are 
terms' in the progression. Cavalieri showed, that 
when the number of terms is infinitely great/ the 
first of these sums is just one-third of the second. 
This evidently led to the cubature of many solids. 
Proceeding one step farther, he sought for the 
sum of the cubes of the same lines, and found it to 
be one-fourth of the greatest, taken as often as 
there are terms ; and, continuing this investigation^ 
he was able to assign the sum of the ^h powers of 
a series in arithmetical progression, supposing al- 
ways the difference of the terms to be infinitely 
smaU, and their dumber to be infinitely great. The 
number of curious results obtained from these in- 
vestigations may be easily conceived. It gave, over 
geometrical problems of the higher class, the same 
power which the integral calculus, T)r the inverse 
method of fluxions does, in the case when the ex- 
ponent of the variable quantity is an integer. The 
method of indivisibles, however, was not without 
difficulties, and could not but be liable to objection, 
with those accustomed to the rigorous exactness of 
the ancient geometry. In strictness, lines, how- 
ever multiplied, can never make an area, or any 
thing but a line ; nor can areas, however they may 
be added together, compose a solid, or any thing 
but an area. This is certainly true, and yet the 
conclusions of Cavalieri, deduced on a coptrary 
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supposition^ are true also. This happened, because, 
though the suppositions that a certain series of 
linesi infinite in number, and contiguous to one 
another, may compose a certain area, and that an* 
other series may compose another area, are neither 
of them true ; yet is it strictly true, that the one 
of these areas must have to the other the same 
ratio which the sum of the one series of lines has to 
the sum of the other' series. Thus, it is the ratios 
of the areas, and not the areas absolutely consider^ 
ed, which are determined by the reasonings of Ca- 
valieri ; and that this determination of their ratios 
is quite accurate, can very readily be demonstrated 
by the method of exhaustions. 

The method of indivisibles, from the great faci- 
lity with which it could be managed, furnished a 
most ready method of ascertaining the ratios of 
areas and solids to one another, and, therefore, 
scarcely seems to deserve the epithet which Newton 
himself bestows upon it, of involving in its concep* 
tions something harsh, (durum^) and not easy to 
be admitted. It was the doctrine of infinitely 
small quantities carried to the extreme, and gave at 
once the result of an infinite series of successive ap- 
proximations. Nothing, perhaps, more ingenious, 
and certainly nothing more happy, ever was con- 
trived, than to arrive at the conclusion of all these 
approximations, without going through the approxi- 
mations themselves. This is the purpose served by 
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introducing iato mathemBtics the consideration of 
quantities infinitely small in size^ and infinitely 
great in number ; ideas^ whichi however inaccurate 
they may seem, yet, when carefully and anal(^- 
cally reasoned upon, have never led into error. 

Greometry owes to Cavalieri, not only the gene- 
ral method just described, but many particular 
theorems, which that method was the instrument 
of discovering. Among these is the very remark* 
able proposition, that as four right angleSj to the 
escess of the three angles of any spherical triangle^ 
above two right angles^ so is the superficies of the 
hemisphere to the area of the triangle. At that 
tbne, however, science was advancing so fast, and 
the human mind was everywhere expanding itself 
with so much energy, that the same discovery was 
likely to be made by more individuals than one at 
the same time. It was not known in Italy in 1639, 
when this determination of the area of a spherical 
triimgle was given by Cavalieri, that it had been 
published three years before by Albert Girard, a 
mathematician of the Low Countries, of whose in- 
ventive powers we shall soon have more occasion to 
speak. 

The Cycloid afforded a number of problems, well 
calculated to exercise the proficients in the geome- 
try of indivisibles, or of infinites. It is the curve 
described by a point in the circumference of a cir- 
cle, while the circle itself rolls in a straight line 
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along a plane. It is not quite certain when this 
curve, so remarkable for its curious properties, and 
for the place which it occupies in the history of 
geometry, first drew the attention of math^emati- 
cians. In the year 1639» Galileo informed his 
friend Torricelli, that, forty years before that time, 
he had thought of this curve, on account of its 
shape, and the graceful form it would give to arches 
in architecture. The same philosopher had en* 
deavoured to find the area of the cycloid ; but 
though he was one of those who first introduced 
the consideration of infinites into geometry, he was 
not expert enough in the use of that doctrine, to be 
able to resolve this problem. It is still more ex- 
traordinary, that the same problem proved too dif- 
ficult for Cavalieri, though he certainly was in com- 
plete possession of the principles by which it was to 
be resolved. It is, however, not easy to determine 
whether it be to Torricelli, the scholar of Cavalieri, 
and his successor in genius and talents, or to Ro- 
berval, a French mathematician of the same period, 
.«id a man also of great originality and invention, 
that science is indebted for the first quadrature of 
the cycloid, or the proof that its area is three times 
tluit of its generating circle. Both these mathe- 
maticians laid claim to it. The French and Italians 
* Mch took the part of their own countryman ; and 
in their zeal have so perplexed the question, that it 
u hard to say on which side the truth is to be found. 
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Torricelli, however, was a man of a mild, amiable^ 
and candid disposition ; Rqberval of a temper ir- * 
ritable» violent, and envious ; so that, in as far as 
the testimony of the individuals themselves is con- 
cerned, there is no doubt which ought to preponde- 
rate. They had both the skill and talent which 
fitted them for this, or even for more difficult re- 
searches. 

The other properties of this curve, those that 
respect its tangents, its length, its curvature, &c. 
exercised the ingenuity, not only of the geometers 
just mentioned, but of Wren, Wallis, Huygens, 
and, even aD:er the invention of the integral calcu- 
lus, of Newton, Leibnitz, and Bernoulli. 

Roberval also improved the method of quadra- 
tures invented by Cavalieri, and extended his solu- 
tions to the case, when the powers of the terms in 
the arithmetical progression of which the sum was 
to be found were fractional ; and Wallis added the 
case when they were negative. Fermat, who, in 
his inventive resources, as well as in the correctness 
of his mathematical taste, "^ yielded to none of his 
contemporaries, applied the consideration of infinite- 
ly small quantities to determine the maxima and 
minima of the ordinates of curves, as also their 



* He also was very skil^ in the geometric analysis^ and 
seems to have more thoroughly imbibed the spirit of that in- 
genious invention than any of the modems before Halley. 
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tangents. Barrow, somewhat later, did the sama 
in England. Afterwards the geometry of infinites 
fell into the hands of Leibnitz and Newton, and 
acquired that new character which marks so dis- 
tinguished an era in the mathematical sciences. 



2. Algebra. 

It was not from Greece alone that the light pro^ 
ceeded which dispelled the darkness of the middle ' 
ages i for, with the first dawn of that light, a ma- 
thematical science, of a name and character un^ 
known to the geometers of antiquity, was received 
in Europe from Arabia. As early as the beginning 
of the thirteenth century, Leonardo, a merchant of 
Pisa, having made frequent visits to the East, in 
the course of commercial adventure, returned to 
Italy, enriched by the traffic, and instructed by the 
science of those countries. He brought with him 
the knowledge of Algebra ; and a late writer quotes 
a manuscript of his, bearing the date of 1202, and 
another that of 1228. * The importation of Algebra 
into Europe, is thus carried back nearly 200 years 
farther than has generally been supposed, for Leo- 
nardo has been represented as flourishing in the 



* M. Cossali of Pisa, in a Tract on the Origin of Alge- 
bra, 1797. 



PHYSICAL SCIENCE. 27 

end of the fourteenth century^ instead of the very 
beginning of the thirteenth. It appears by an ex- 
tract from his manuscript, published by the above 
anthor, that his knowledge of Algebra extended as 
far as quadratic equations. The language was very 
imperfect^ corresponding to the infancy of the 
science; the quantities and the operations being 
expressed in words, with the help only of a few ab- 
breviations. The I'ule for resolving quadratics by 
completing the square, is demonstrated geometri- 
cally. 

Though Algebra was brought into Europe from 
Arabia, it is by no means certain that this last is its 
native country. There is, indeed, reason to think 
that its invention must be sought for much farther 
to the East, and probably not nearer than Indos* 
tan« We are assured by the Arabian writers, that 
Mahomet Ben Musa of Chorasan, distinguished 
for his mathematical knowledge, travelled, about 
the year 9^9* into India, for the purpose of re- 
ceiving farther instruction in the science which he^ 
cultivated. It is likewise certain, that some books, 
which have lately been brought from India into - 
this country, treat of Algebra in a manner that has 
every appearance of originality, or at least of being 
derived from no source with which we are at^ ac- 
quwited* 

Before the time of Leonardo of Pisa, an im- 
portant acquisition, also from the East, had greatly 
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improved the science of arithmetic. This was the 
use of the Arabic notation, and the contrivance of 
making the same character change its signification, 
according to a fixed rule, when it changed its poai- 
tion, being increased tenfold for every place that it 
advanced towards the left. The knowledge of this 
simple but refined artifice was learned from the 
Moors by Gerbert, a monk of the Low Countries, 
in the tenth century, and by him miade known in 
Europe. Gerbert was afterwards Pope, by the 
name of Silvester the Second ; but from that high 
dignity derived much less glory than from having 
instructed his countrymen in the decimal nota.- 
tion. 

The writings of Leonardo, above mentioned, 
have remained in manuscript ; and the first printed 
book in Algebra is that of Lucas de Burgo, a 
Franciscan, who, towards the end of the fifteenth 
century, travelled, like Leonardo, into the East, 
and was there instructed in the principles of Al- 
gebra. The characters employed in his work, as 
in those of Leonardo, are mere abbreviations of 
words. The letters p and m denote plus and mi- 
nus ; and the rule is laid down, that, in multiplica- 
tion, plus into minus gives minus, but minus into 
minus gives plus. Thus the first appearance of 
Algebra is merely that of a system of short-hand 
writing, or an abbreviation of common language, 
applied to the solution of arithmetical problems. 
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It was a contrivance merely to save trouble ; and 
yet to this contrivance we are indebted for the 
most philosophical and refined art which men 
have yet employed for the expression of their 
thoughts. This scientific language, therefore, like 
those in common use,' has grown up slowly, from a 
very weak and imperfect state, till it has reached 
the condition in which it is now found. 

Though in all this the moderns received none of 
their information from the Greeks, yet a work in 
the Greek language, treating of arithmetical ques- 
tions, in a manner that may be accounted alge- 
braic, was discovered in the course of the next cen- 
tury, and given to the world, in a Latin transla- 
tion, by Xylander, in 1575. This is the work of 
Diophantus of Alexandria, who had composed 
thirteen books of Arithmetical Questions, and is 
supposed to have flourished about 1 50 years after 
the Christian era. The questions he resolves are 
often of considerable difficulty ; and a great deal 
of address is displayed in stating them, so as to 
bring out equations of such a form, as to involve 
only one power of the unknown quantity. The 
expression is that of common language, abbreviated 
and assisted by a few symbols. The investigations 
do not extend beyond quadratic equations; they 
are, however, extremely ingenious, and prove the 
author to have been a man of talent, though the 
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instrument he worked with was weak and imper- 
feet. 

The name of Cardan is famous in the history of 
Algebra. He was born at Milan in 1501, and 
was a man in whose character good and ill, strength 
and weakness, were mixed up in singular profiisicm* 
With great talents and industry, he was capriciouSt 
insincere, and vain-glorious to excess. Though a 
man of real science, he professed divination, and 
was such a believer in the influence of the stars, 
that he died to accomplish an astrological predic- 
tion. He remains, accordingly, a melancholy proof, 
that there is no folly or weakness too great to be 
united to high intellectual attainments. 

Before his time, very little advance had been 
made in the solution of any equations higher than 
the second degree ; except that, as we are told, 
about the year 1508, Scipio Ferreo, Professor of 
Mathematics at Bologna, had found out a rule for 
resolving one of the cases of cubic equations, which, 
however, he concealed, or communicated only to a 
few of his scholars. One of these, Horido, on the 
strength of the secret he possessed, agreeably to a 
practice then common among mathematicians, chal- 
lenged Tartalea of Brescia, to contend with him in 
the solution of algebraic problems. Florido had at 
first the advantage ; but Tartalea, being a man of 
ingenuity, soon discovered his rule, and also an- 
other much more general, in consequence of which. 
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he came o£P at last victorious. By the report of 
tliis victory, the curiosity of Cardan was strongly 
excited ; for, though he was himself much versed in 
the mathematics, he had not been able to discover 
a method of resolving- equations higher than the se- 
copd degree. By the most earnest and importu- 
nate solicitation, he wrung from Tartalea the se- 
cret of his rules, but not till he had bound himself, 
by promises and oaths, never to divulge them. 
Tartalea did not communicate the demonstrations, 
which, however, Cardan soon found out, and ex- 
tended, in a very ingenious and systematic man- 
ner, to all cubic equations whatsoever. Thus pos- 
sessed of an important discovery, which was at least 
in a great part his own, he soon forgot his promises 
to Tartalea, and published the whole in 1545, not 
concealing, however, what he owed to the latter. 
Though a proceeding, so directly contrary to an ex- 
press stipulation, cannot be defended, one does not 
much regret the disappointment of any man who 
would make a mystery of knowledge, or keep his 
discoveries a secret, for purposes merely selfish. 

Thus was first published the rule which still 
bears the name of Cardan, and which, at this day, 
marks a point in the progress of algebraic investi- 
gation, which all the efibrts of succeeding analysts 
have hardly been able to go beyond. As to the 
general doctrine of equations, it appears that Car- 
dan was acquainted both with the negative and po- 
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sitive roots, the former of which he called by the 
name of false roots. He also knew that the num- 
ber of positive, or, as he called them, true roots, is 
equal to the number of the changes of the signs of the 
terms ; and that the coefficient of the second term is 
the difference between the sum of the true and tjie 
false roots. He also had perceived the difficulty of 
that case of cubic equations, which cannot be re- 
duced to his own rule. He was not able to over- 
come the difficulty, but showed how, in all cases, 
an approximation to the roots might be obtained. 

There is the more merit in these discoveries, 
that the language of Algebra still remained very im- 
perfect, and consisted merely of abbreviations of 
words. Mathematicians were then in the practice 
of putting their rules into verse. Cardan has gi- 
ven his a poetical dress, in which, as may be sup- 
posed, they are very awkward and obscure ; for 
whatever assistance in this way is given to the me- 
mory, must be entirely at the expence of the un- 
derstanding. It is, at the same time, a proof that 
the language of -^gebra was very imperfect. No- 
body now thinks of translating an algebraic for- 
mula into verse ; because, if one has acquired any 
familiarity with the language of the science, the 
formula will be more easily remembered than any 
thing that can be substituted in its room. 

Italy was not the only country into which the 
algebraic analysis had by this time found its way ; 
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in Germany it had also made considerable progress^ 
and StipheliuSy in a book of Algebra, published at 
Nuremberg in 1544, employed the same numeral 
exponents of powers, both positive and negative, 
which we now use, as far as integer numbers are 
concerned ; but he did not carry the solution of 
equations farther than the second degree. He iuf- 
troduced the same characters for plus and minus 
which are at present employed. 

Robert Recorde, an English mathematician, pub- 
lished about this time, or a few years later, the 
first English treatise on Algebra, and he there iur 
troduced the same sign of equality which is now in 
use. 

The properties of algebraic equations were dis- 
covered, however, very slowly. Pelitarius, a French 
mathematician, in a treatise which bears the date 
of 1558, is the first who observed that the root of 
an equation is a divisor of the last term ; and he 
remarked also this curious property of numbers, 
that the sum of the cubes of the ii|tural number3 
is the square of the sum of the numbers them-* 
selves. 

The knowledge of the solution of cubic equations 
was still confined to Italy. Eombelli, a mathe- 
matician of that country, gave a regular treatise 
on Algebra, and considered, with very particular 
attention, the irreducible case of Cardan's rule. 
He was the first who made the remark, that th^ 

TOL. !!• c 
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problems belonging to that case can always bc^ re- 
solved by the trisection of an arch. * 

Vieta was a very learned man, and an excellent 
mathematician, remarkable both for induistry and 
invention. He was the first who employed let^ 
ters to denote the known as well as the unknown 
quantities, so that it was with him that the language 
of algebra first became capable of expressing ge- 
neral truths, and attained to that extension which 
has since rendered it such a powerful instrument of 
investigation. He has also given new demoiistra- 
tions of the rule for resolving cubic, and even bi- 



* A passage in Bombelli's book^ relative to the Algebra 
of India^ has become more interesting^ from the information 
concerning the science of that country, which has reached 
Europe within the last twenty years. He tells us, that he 
had seen in the Vatican library, a manuscript of a certam 
Diophantus, a Greek author, which he admired so mudi, 
that he had formed the design of translating it. He adds,, 
that in this manuscript he had found the Indian authors 
often quoted; from which it appeared, that Algebra was 
known to the Indians before it was known to the Arabian^. 
Nothing, however, of all this is to be found in the work of 
Diophantus, which was published about three years after 
the time when Bombelli wrote. As it is, at the same time, 
impossible that he could be so much mistaken about a manu- 
script which he had particularly examined, this passage re- 
mains a mystery, which those who are curious about the 
ancient history of science would be very glad to have un- 
ravelled. See Hutton's History of Algebra. 
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quadratic equations. He also discovered the rela- 
tion between the roots of an equation of any de« 
gree, and the coefficients of its terms, though only 
in the case where none of the terms are wanting^ 
and where all the roots are real or positire* It is» 
indeed, extremely curious to remark, how gradual*- 
ly the truths of this sort came in sight. This pro* 
position belonged to a general truth, the greater 
part of which remained yet to be discovered, 
Vieta's treatises were originally published about 
the year 1600, and were afterwards collected into 
one volume by Schooten, in 1 646. 

In speaking o£ this illustrious man, Vieta, we 
must not omit his improvements in trigonometry, 
and still less his treatise on angular sections, which 
was a most important application of Algebra to in- 
vestigate the theorems, and resolve the problems of 
geometry. He also restored some of the books of 
ApoUonius, in a manner highly creditable to his 
own ingenuity, but not perfectly in the taste of the 
Greek geometry ; because, though thi constructions 
are degant, the demonstrations are all synthetical. 

About the same period. Algebra became greatly 
indebted to Albert Girard, a Flemish mathemati^ 
cian, whose principal work. Invention Nouvelle 
en Algebre, was printed in 1669* This ingenious 
author perceived a greater extent, but not yet the 
whole of the truth, partially discovered by Vieta, 
viz. the mocesAve formation of the coefficients of 
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an equation from the sum of the roots j the sum cf 
their products taken two and two ; the same taken 
three and three, &c. whether the roots be positive 
or negative* He ffppears also to have been the 
first who understood the use of negative roots in 
the solution of geometrical problems, and is the 
author of the figurative e}q)ression, which gives to 
negative quantities the name of quantities less than 
nothing ; a phrase that has been severely censured 
by those who forget that there are correct ideas, 
which correct language can hardly be made to ex- 
press. The same mathematician conceived the no- 
tion of imaginary roots, and showed that the num- 
ber of the roots of an equation could not exceed the 
exponent of the highest power of the unknown 
quantity. He was also in possession of the very 
refined and difficult rule, which forms the sums of 
the powers of the roots pf an equation from the co- 
efficients of its terms. This is the greatest list of 
discoveries which the history of any algebraist could 
yet furnish. 

The person next in order, as an inventor in Al- 
gebra, is Thomas Harriot, an English mathemati- 
cian, whose book, Artis Analytical Praxis, was 
published after his death, in 1631. This book 
contains the genesis of all equations, by the conti- 
nued multiplication of simple equations ; that is to 
say, it explains the truth in its full extent, to which 
Vieta and Girard had been approximating, ^y 
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Harriot also, the method of extracting the roots of 
equations ^as greatly improved ; the smaller let* 
ters of the alphabet, instead of the capital letters 
employed by Vieta, were introduced ; and by this 
improvement, trifling, indeed, compared with the 
rest, the form and exterior of algebraic expression 
were brought nearer to those which are now in use. 
I have been the more careful to note very parti- 
culaHy the degrees by which the properties of 
equations were thus unfolded, because I think it 
forms an instance hardly paralleled in science, 
where a succession of able men, without going 
wrong, advanced, nevertheless, so slowly in the dis- 
covery of a truth which, when known, does not 
seem to be of a very hidden and abstruse nature; 

llieir.dow progress arose from this, that they 
worked with an instrument, the use of which they 
did not fully comprohend, and employed a lan- 
guage which expressed more than they were pre- 
pared to understand ; — a language which, under 
the notion, first of negative and then of imaginary 
quantities, seemed to involve such mysteries as the 
accuracy of mathematical science must necessarily 
refuse to admit. 

The distinguished author of whom I have just 
been speaking was bom at Oxford in 1 .560. He was 
employed in the second expedition sent out by Sir 
Walter Raleigh to Virginia, and on his return pub- 
lished an account of that country. He afterwards 
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devoted himself entirely to the study of the mithe- 
maties; and it appears from scmie of his maun- 
scripts, btely discovered, that he observed the spotf 
pf the sun as early as December I6IO, not moie 
than 1^ month later than Galileo* He also made 
observations on Jupiter's satellites, and on th^ co- 
mets of I6O7, and of 1618. * 

The succession of discoveries, above related, 
brought the algebraic analysis, abstractly con8ider<> 
ed, into a state of perfection, little short of that 
which it has attained at the present momenta It 
was thus prepared for the step which was about to 
be taken by Descartes, and which forms one of the 
most important epochas in the history of the mar 
thematical sciences. This was the application ai 
the algebraic analysis, to define the nature, and in- 
vestigate the properties, of curve lines, and, conse^ 
quently, to represent the notion of variable quanti- 
ty. It is often said, that Descartes was the first 
who applied algebra to geometry ; but this is inac- 
curate i for such applications had been made be^ 



* The manuscripts which contain these observations^ and 
probably many other things of great interest^ are preserved 
in the collection of the Earl of Egremont^ having come into 
the possession of his family from Henry Parcy Earl of 
Northumberland^^ a most liberal patron of science^ witb 
whom Harriot appears to have chiefly lived after his return 
from Virginia. 

4 
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fore, particularly by Vieta, in his treatise on angu- 
lar sections. The invention just mentioned is the 
undisputed property of Descartes, and opened up 
vast fields of discovery for those who were to come 
after him. 

The work in which this was contained is a tract 
of no more than 106 quarto pages; and there is 
probably no book of the same size which has con- 
ferred so much and so just celebrity on its author. 
It was first published in 1637* 

In the first of the three books into which the 
tract just mentioned is divided, the author begins 
imik the consideration of such geometrical pro- 
blems as may be resolved by circles and straight 
lines; and explains the method of constructing al- 
igebrsic formulas, or of translating a truth from the 
language of algebra into that of geometry. He 
then proceeds to the consideration of the problem, 
known among the ancients by the name of the /o- 
cus ad quatuar rectas, and treated of by ApoUo- 
nius and Pappus. The algebraic analysis afibrded 
a method of resolving this problem in its full ex- 
tent ; and the consideration of it is again resumed 
in the second book. The thing required is, to find 
the locus of a point, from which, if perpendiculars 
be drawn to four lines given in position, a given 
function of these perpendiculars, in which the va- 
riable quantities are only of two dimensions, shall 
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be always of the same magnitude.* Deftcartes 
shows the locus, on this hypothesis, to be always a 
conic section ; and he distinguishes the cases in 
which it is a circle, an ell^>sis, a parabola, or a hy- 
perbola. It was an instance of the most exteiishre 
investigation which had yet been uncbrtaken in 
geometry, though, to render it a complete solution 
of the problem, much more detail was doubtleosi ne- 
cessary* The investigation is extended to the cases 
where the function, which remains the same, is of 
three, fonr^ or five dimensions^ and where the k)cus 
is a line of a higher order, though it may, in cer- 
tain circumstances, become a conic section* The 
Unes given in position may be more than four, or 
than any given number ; and the lines drawn to 
them may either be perpendiculars, or lines making 
given angles with them. The same analysis applies 
to all the cases ; and this problem, therefore, af- 
forded an excellent example of the use of algebra 
in the investigation of geometrical propositions. 
The author takes notice of the unwillingness of the 
ancients to transfer the language of arithmetic into 

• It win easily be perceived, that the wordjunction is not 
contained in the original enunciation of the problem. Jt is 
a term but lately introduced into mathematical language, 
and affords here, as on many other occasions, a more gene- 
ral and more concise expression than could be otherwise ob^ 

tained. 

1 
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geometry, so that they were forced to have recourse 
to very circuitous methods of expressing those re- 
lations of quantity in which powers beyond the 
third are introduced. Indeed, to deliver invest!* 
gation from those modes of expression which in- 
volve the composition of ratios, and to substitute in 
their room the multiplication Of the numerical mea- 
sures, is of itself a very great advantage, arising 
from the introduction of algebra into geometry. 

In this book also, an ingenious method of draw- 
ing tangents to curves is proposed by Descartes, 
as following from his general principles, and it is 
an invention vnth which he appears to have been 
particularly pleased. He says, " Nee verebor di- 
cere problema hoc non modo eorum, quae scio, uti- 
lissimum et generalissimum esse, sed etiam eorum 
quas in geometria scire unquam desideraverim.'' * 
This passage is not a little characteristic of Des- 
cartes, who was very much disposed to think well 
of what he had done himself, and even to sup« 
pose that it could not easily be rendered more 
perfect. The truth, however, is, that his method 
of drawing tangents is extremely operose, and is 
one of those hasty views which, though ingenious 
and even profound, require to be vastly simplified, 
before they can be reduced to practice. Fermat, 
the rival and sometimes the superior of Descartes, 

* C^i^tesii Geometria, p. 40. 
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was far more fortunate with regard to this proUen^ 
and his method of drawing tangents to cunres is 
the same in effect that has been followed by all the 
geometers since his time, — while that of Descartes, 
which could only be valued when the other was 
unknown, has been long since entirely abandoned. 
The remainder of the second book is occupied with 
the consideration of the curves, which have been 
called the ovals of Descartes, and with some inves- 
tigations concerning the centres of lenses; the 
whole indicating the hand of a great maater, and 
deserving the most diligent study of those who 
would become acquainted with this great enlarge- 
ment of mathematical science. 

The third book of the geometry treats of the 
construction of equations by geometric curves, and 
it also contains a new method of resolving biqua- 
dratic equations. 

The leading principles of algebra were now im- 
folded, and the notation was brought, from a mere 
contrivance for abridging common language, to a 
system of symbolical writing, admirably fitted to 
assist the mind in the exercise of thought. 

The happy idea, indeed, of expressing quantity 
and the operations on quantity, by conventional 
symbols, instead of representing the first by real 
magnitudes, and enunciating the second in words, 
could not but make a great change on the nature 
of mathematical investigation.' The language of 
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mathematics, whatever may be its form, must aU 
ways consist of two parts ; the one denoting quan- 
tities simply, and the other denoting the manner 
in which the quantities are combined, or the opera- 
tions understood to be performed on them. Geo- 
metry expresses the first of these by real magjii- 
tudes, or by what iqay be called natural signs ; a 
line by a line, an angle by an angle, an area by an 
area, &c. ; and it describes the latter by words. 
Algebra, on the other hand, denotes both quantity, 

* 

and the operations on quantity, by the same system 
of conventional symbols. Thus, in the expression 
iT^— -tf -r^ + A^=o, the letters a, 6, s, denote quanti- 
ties, but the terms ^, aa^^ &c. denote certain 
operations performed on those quantities, as well 
as the quantities themselves ; <r^ is the quantity 
J? raised to the cube ; and oar the same quantity 
^ raised to the square, and then multijdied into 
Cf &C. ; the combination, by addition or subtrac* 
tion, being also expressed by the signs + and -»-* « 
Now, it is when applied to this latter purpose 
that the algebraic language possesses such exclusive 
excellence. The mere magnitudes themselves might 
be represented by figures, as in geometry, as well 
as in any way whatever ; but the operations they 
are to be subjected to, if described in words, mui^ 
be set before the mind slowly, and in succession^ 
so that the impression is weakened, and the clear 
apprehension rendered difficult. In the algebraic 
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expression, on the other hand, so much meaning 
is concentrated into a narrow space, and the im- 
pression made by all the parts is so simultaneous, 
that nothing can be more favourable to the exer- 
tion of the reasoning powers, to the continuance of 
their action, and their security against error. Ano^ 
ther advantage resulting from the use of the same 
notation, consists in the reduction of all the differ- 
ent relations among quantities to the simplest of 
those relations, that of equality, and the expre^ion 
of it by equations. This gives a great facility of 
generalization, and of comparing quantities with 
cine another. A third arises from the substitution 
of the arithmetical operations of multiplication and 
division, for the geometrical method of the compo- 
sition and resolution of ratios. Of the first of 
these, the idea is so clear, and the work so simple j 
of the second, the idea is comparatively so obscure, 
and the process so complex, that the substitution 
of the former for the latter could not but be ac^ 
companied with great advantage. This is, indeed, 
what constitutes the great difference in practice be- 
tween the algebraic and the geometric method of 
treating quantity. When the quantities are of a 
complex nature, so as to go beyond what in algebra 
is called the third power, the geometrical expression 
is so circuitous and involved, that it renders the ' 
reasoning most laborious and intricate. The great 
facility of generalization in algebra, of deducing 
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one thing from another, and of adapting the analy- 
sis to every kind of research, whether the quanti- 
ties be constant or variable, finite or infinite, de- 
pends on this principle more than any other. F^w 
of the early algebraists seem to have been aware of 
these advantages. 

The use of the signs plus and minus ha3 given 
rise to some dispute. These signs vfere at first 
used the one to denote addition, the other subtrac- 
tion, and for a long time were applied to no other 
purpose. But as, in the multiplication of a quan- 
tity, consisting of parts connected by those signs, 
into another quantity similarly composed, it was 
always found, and could be universally demonstrat-r 
ed, that, in uniting the particular products of 
which the total was made up, those of which both 
the factors had the sign mintis before them, must 
be added into one sum with those of which all the 
factors had the sign plus ; while those of which 
one of the factors had the sign plu>Sj and the other 
the sign minus, must be subtracted from the same, 
•—-this general rule came to be more simply ex- 
pressed by saying, that in multiplication like signs 
gave pluSf and that unlike signs gave minus. 

Hence the signs plus and minus were consider- 
ed, not as merely denoting the relation of one 
quantity to another placed before it, but, by a kind 
of jfc&ow, they were considered as denoting quali- 
ties inherent in the quantities to the nanies ojf 
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which they were prefixed. This fiction was found 
extremely useful, and it was evident that no error 
could arise from it. It was necessary to have a 
rule for determining the sign belonging to a pro- 
duct, from the signs of the factors composing that 
product, independently of every other considera* 
tion ; and this was precisely the purpose for which 
the above fiction was introduced. So necessary is 
this rule in the generalizations of algebra, that we 
meet with it in Diophantus, notwithstanding the 
imperfection of the language he employed j for he 
states, that An-^tg into aiz-vI//^ gives * T^o^g/g, &c. The 
reduction, therefore, of the operations on quanti- 
ty to an arithmetical form, necessarily involves this 
use of the signs plus or mintis ; that is, their ap- 
plication to denote something like absolute quali- 
ties in the objects they collect together. The at- 
tempts to free algebra from this use of the signs 
have of course failed, aud must ever do so, if we 
Would preserve to that science the extent and faci- 
lity of its operations. 

Even the most scrupulous purist in mathematical 
language must admit, that no real error is ever in- 
troduced by eioploying the signs in this most ab- 
stract sense. If the equation a^+pai^^qa;+r=:io, 
be said to have one positive and two negative roots, 
this is certainly as exceptionable an application of 
the term negative^ as any that can be proposed ; 
yet, in reality, it means nothing but this intelligible 
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and simple truth, that ^+psfl+qX'\'rzz(jxS — a) 
(x + ft)(ir 4. c) J or that the former of these quaa* 
tities is produced by the multiplication of the three 
binomial, factors, a?— a, x+ i, x+c. We might say 
the same nearly as to imaginary roots ; they show 
that the simple factors cannot be found, but that 
the quadratic factors may be found ; and they also 
point out the means of discovering them. 

The aptitude of these same signs to denote con« 
trariety of position among geometric magnitudes, 
makes the foregoing, application of them infinitely 
moie extensive and more indispensable. 

From the same source arises the great simplicity 
introduced into many of the theorems and rules of 
the mathematical sciences. Thus, the rule for 
finding the latitude of a place from the sun's meri- 
dian altitude, if we employ the signs phis and 
minm for indicating the position of the sun and of 
the place relatively to the equator, is enunciated in 
one simple proposition, which includes every case, 
without any thing either complex or ambiguous. 
But if this is not done,— if the signs plus and 
mintis are not employed, there must be at least two 
rules, one when the sun and place are on the same 
side of the equator, and another when they are on 
different sides. In the more complicated calcula- 
tions of spherical trigonometry, this holds stiU more 
remarkably. When one would accommodate such 
rules to those who are unacquainted with the use 
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of the algebraic fflgns, they are perhaps not to be 
expressed in lessvthan four, or eveo six different 
propositions ; whereas, if the use of these signs is 
supposed, the whole is comprehended in a single 
sentence. In such cases, it is obvious that both the 
memory and understanding derive great advantage 
from the use of the signs, and profit by a simplifi* 
cation, which is the work entirely of the algebraiQ 
language, and cannot be imitated by any other. 

That I might not interrupt the view of improve- 
ments so closely connected with one another, I 
have passed over one of the discoveries, which does 
the greatest honoqr to the seventeenth century, 
and which took place near the banning of it. 

As the accuracy of astronomical observation had 
been continually advancing, it was necessary that ^ 
the correctness of trigonometrical calculation, and 
of course its difficulty, should advance in the same 
proportion. The sines and tangents of angles 
could not be expressed with sufficient correctness 
without decimal fractions, extending to five or six 
places below unity, and when to three such num* 
bers a fourth proportional was to be found, the 
work of multiplication and division became extreme- 
ly laborious. Accordingly, in the end of the six- 
teenth century, the time and labour consumed in 
such calculations had become excessive, and were 
felt as extremely burdensome by the mathemati- 
cians and astronomers all over Europe. Napier of 
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Mercfaiston, whose miiid seems io have been pecup 
liariy turned to arithmetical researcheSj and who 
was aiiso devoted to the study of astronomy^ had 
early sought for the ineans of relieving himself and 
others irom this difficulty* He had viewed the 
subject in a variety of lights, and a number of in-^ 
genious devices had occurred to him, by which the 
tedionsness of arithtnetical operations ntight» more 
or ieiB completely, be avoided* In the course of 
these attempts, he did hot fail to observe, that 
whenever the numbers to be multi^lii^d or divided 
were terms of a geometrical progression, the pro- 
duct or tbe ^otient must also be a term of that 
progression, and must occupy a place in it pointed 
out by the places of the given numbers, so that it 
might be found from mere inspection, if the pro* 
gression were far enough continued. If, for in- 
«tance, the third term of the progression were to be 
mukqiiied by the seventh, the product must be the 
tenths and if the twelfth were to be divided by the 
fimrth, the quotient must be the eighth ; so that 
the multifdication and division of such terms was 
reduced to the addition and subtraction of the 
numbers which indicated their places in the pro- 
gression. 

This observation, or one very similar to it, was 
made by Archimedes, and was employed by that 
great geometer to convey an idea of a number too 
vast to be correctly expressed by the arithmetical 

VOL. u. J> 



50 MATHEMATICAL AUD 

notation of the Greeks. Thus far, however, there 
was no di£Biculty, and the discovery might certainly 
have been made by men much inferior either to 
Napier or Archimedes. What remained to be 
done, what Archimedes did not attempt, and what 
Napier completely performed, involved two great 
difficulties. It is plain, that the resource of the 
geometrical progression was sufficient, when the 
given numbers were terms of that progression; 
but if they were not, it did not seem that any ad- 
vantage could be derived from it. Napier, how- 
ever, perceived, and it was by no means obvioos, 
that all numbers whatsoever might be inserted in 
the progression, and have their places assigned in 
it. After conceiving the possibility of this, the 
next difficulty was, to discover the principle, and to 
execute the arithmetical process, by which these 
places werel to be ascertained. It is in these two 
points that the peculiar merit of his invention con- 
sists ; and at a period when the nature of series, 
and when every other resource of which he could 
avail himself were so little known, his success argues 
a depth and originality of thought which, I am per- 
suaded, have rarely been surpassed. 

The way in which he satisfied himself that all 
numbers might be intercalated between the terms 
of the given progression, and by which he found 
the places they must occupy, was founded on a 
most ingenious supposition, — that of two points 
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describing two different lines, the one with a con- 
stant velocity, and the other with a velocity always 
increasing in the ratio of the space the point had 
already gone over : the first of these would gene- 
rate magnitudes in arithmetical, and the second 
magnitudes in geometrical progression. It is plain, 
that all numbers whatsoever would find their places 
among the magnitudes so generated ; and, indeed, 
this view of the subject is as simple and profound 
as any which, after two hundred years, has yet pre- 
sented itself to mathematicians. The mode of de- 
ducing the results has been simplified ; but it can 
hardly be said that the principle has been more 
clearly developed. 

I need not observe, that the numbers which in- 
dicate the places of the terms of the geometrical 
progression ar^ called by Napier the logarithms of 
those terms. 

Various systems of logarithms, it is evident, may 
be constructed according to the geometrical pro- 
gression assumed ; and of these, that which was 
first contrived by Napier, though the simplest, and 
the foundation of the rest, was not so cdnvenient 
for the purposes of calculation, as one which soon 
afterwards occurred, both to himself and his friend 
Briggs, by whom the actual calculation was per- 
formed. The new system of logarithms was an 
improvement, practically considered ; but in as far 
as it was connected with the principle of the inven- 
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tion» it is only erf* seoondaiy omsiderstioii.' 1^ 
ori^nal tables liad been also somewhat embarraaied 
by too dose a connection between tliem and trig^ 
nometry. The new tabks were free from this m^ 
conTenience. 

It is probable, however, that the greatest ift- 
veator in scieace was never able to do more tfaab 
to accelerate the pn)gre8s of discovery, and 'to 
anticipate what time, ^^ the author of audion,'* 
would have gradually brou^t to light. Though 
logarithms had not been invented by Napier, tiny 
would have been discovered in the progress of d» 
algebraic analysis, when the arithmetic «f powm 
and exponents, both integral and fractional, came 
to be fully understood. The idea of considering 
all numbers, as powers of ooe given number, would 
then have readily occurred, and the doctrine of 
series would have greatly facilitated the qdculations 
which it was necessary to undertake. Napier had 
none of these advantages, and they were all m^* 
plied by the resources of his own mind. Tndeedy 
as there never was any invention for whidi the 
state of knowledge had less prepared the way, there 
never was any where more merit fell to the share ef 
the inventor. 

His good fortune, also, not less than his great 
sagacity, may be remarked. Had the invention of 
logarithms been delayed to the end of the seven- 
teenth century, it would have come about without 
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effiift^ and would hot have conferred <m the autluHr 
the highi oelebrity which Napier so justly derives 
fitnft. iU la another respect he has also been fbr- 
timatek Many inventions have been eclipsed or 
obaeuped by new disooveries ; or th^jr have been so 
altered by subsequent improvements, that their 
original, form can hardly be recognised, and, in 
some instances, has been entirely f(»rgottien. Thia 
has almost always lu^ppened to the^ discoveries made 
at an eady p^iod in the progress of science^ and 
befihrd their princifdes were fully unfolded*. It has 
been qtitte otherwise with the invention of lo^ 
xitihms,; which came out of the hands of the.author 
aoiperfeot^ that it has never received but one ma*- 
tenatimpnyvement,. that, which it derived, as has 
jnsb been said,^ from the ingenuity of his friend in 
coD^unirtiQa with his own. Subsequent improve- 
ments in^ science^ insteadi of ofienng any thing that 
could supplant this invention, have only .enlarged 
the circle to which its utility extended. Loga- 
rithms have been applied to numberless purposes, 
which were not thought of at the time of their first 
construction. Even the sagacity of their author 
did not see the immense fertility of the principle 
he had discovered ; he calculated his tables merely 
to facilitate arithmetica], and chiefly trigonometri- 
cal computation, and little imagined that he was at 
the same time constructing a scale whereon to mea- 
sure the density of the strata of the atmosphere, 
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and the heights of mountains ; that he was actual- 
ly computing the areas and the lengths of innumer- 
able curves, and was preparing for a calculus which 
was yet to be discovered, many of the most refined 
and most valuable of its resources. Of Napier, 
therefore, if of any man, it may safely be pro- 
nounced, that his name will never be eclipsed by 
any one more conspicuous, or his invention super 
seded by any thing more valuable. 

As a geometrician, Napier has left behind him a 
noble monument in the two trigonometrical theo- 
rems, which are known by his name, and which ap- 
pear first to have been communicated in writing to 
Cavalieri, who has mentioned them with great eu- 
logy. * They are theorems not a little difiScalt; 
and of much use, as being particularly adapted to 
logarithmic calculation. They were published in 
the Canon MirificusLogarithmorum, at Edinbui^h, 

in 1614. t 

' 

 Wallis, Opera Math. Tom. II. p. 875. 

t A reprint of the Canon Mirificus^ from the original edi- 
tion, is given in the 6th Volume of the great Thesaurus^ in 
which Baron Maseres, with his usual zeal and intelligence^ 
has collected and illustrated everything of importance that 
has been written on the subject of logarithms. See Sprip- 
tores Logarithmici, 4to. Vol. VT. p. 475. 

4 
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Section II. 

EXPERIMENTAL INVESTIGATION. 

In this section I shall begin with a short view 
of the state of Physical Knowledge before the in- 
troduction of the Inductive Method ; I shall next 
endeavour to explain that method by an analysis of 
the Novum Organum ; and shall then inquire 
how far the principles established in that work 
have actually contributed to the advancement of 
Natural Philosophy. 



1. Ancient Physics. 

Though the phenomena of the material world 
could not but early excite the curiosity of a being 
whoy like man, receives his strongest impressions 
from without, yet an accurate knowledge of those 
phenomena, and their laws, was not to be speedily 
acquired. The mere extent and vaiiety of the ob. 
jects were, indeed, such obstacles to that acquisi- 
tion, as could not be surmounted but in the course of 
many ages. Man could not at first perceive from 
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what point he must begin his inquiries, in what di- 
rection he must carry them on, or by what rules he 
must be guided. He was like a traveller going 
forth to explore a vast and unknown wilderness, in 
which a multitude of great and interesting objects 
presented themselves on every side, while there 
was no paUi for him to follow, no rule to direct his 
survey, and where the art of observing, and the in- 
struments of observatioOf must equally be the work 
of his own invention. In these circumstancei^ the 
selection of the objects to be studied was. the effect 
of instinct rather than of reason* or of the paiaioos 
and emotions more than of the understanding* 
When things new and unlike those which occurred 
in the course of every day's experience presented 
themselves, they excited wonder or surprise^ and 
created an anxiety to discover some principle which 
might connect them with the appearances common- 
ly observed. About these last, me9 felt no desire 
to be farther informed ; but when the common or- 
der of things was violated, and something new or 
singular was produced, they began to examine into 
the fact, and attempted to inquu*e into the cause. 
Nobody sought to know why a stone fell to the 
ground, why smoke ascended, or why the stars re* 
volved round the earth. But if a fiery meteor 
shot across the heavens, — ^if the flames of a volcano 
burst forth,— --or if an earthquake shook the foun« 
dations of the world, terror and curiosity were 
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hoth awakened ; and when the foirmer emotion had 
subaidfid^ the latter was sure to become active* 
Thns^ to trace e resemblance between the events 
with which the cdbserver was most familiar, and 
those to which he was less accustomed, and which 
had excited his wonder, was the first object of in* 
quiryi. and produced the first advances towards ge- 
neralisation and philosophy* * 

This principle, which it were easy to trace, from 
tribes the most rude and barbarous, to nations the 
most highly refined, was what yielded the first at- 
tempts toward classification and arrangement, and 
gabled man, out of individuals, subject to perpe- 
tual change, to form certain fixed and permanent 
objects of knowledge,-~the species, genera, orders^ 
and classes^ into which he has distributed these in« 
dividuals* By this effort of mental abstraction, he 
ha$- created to himself a new and intellectual world, 
free from those changes and vicissitudes to which 
all fip^at^iai things are destit^d. This» too, is a 
wpik not peculiar to the philosopher, but, in a cer- 
tain de^^, is performed by every man who com- 
p^rea okje thing with another, and who employs the 
t«lo» of ordinaiy language. 
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* La maraviglia 

Deir ignoranza 6 la fig)ia> 

£ del Mipere 

La madre. 
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Another great branch of knowledge is occu^ed, 
not about the mere arrangement and classification 
of objects, but about events or changes, the laws 
which those changes observe, and the causes by 
which they are produced. In a science, which 
treated of events and of change, the nature and 
properties of motion came of course to be studied, 
and the ancient philosophers naturally enough be* 
gan their inqniries with the definition of motion, 
or the determination of that in which it consists.' 
Aristotle's definition is highly characteristical of 
the vagueness and obscurity of his physical specu- 
lations. He calls motion ** the act of a being in 
power, as far as in power,''— words to which it is 
impossible that any distinct idea can ever have 
been annexed. 

The truth is, however, that the best definition 
of motion can be of very little service in physics. 
Epicurus defined it to be the " change of place," 
which is, no doubt, the simplest and best definition 
that can be given ; but it must, at the same time, 
be confessed, that neither he, nor the modems who 
have retained his definition^ have derived the least 
advantage from it in their subsequent researches. 
The properties, or, as they are called, the laws of 
motion, cannot be derived from mere definition ; 
they must be sought for in experience and obser- 
vation, and are not to be found without a diligent 
comparison, and scrupulous examination of facts. 
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Of such an examination, neither Aristotle, nor 
any other of the ancients, ever conceived the ne- 
cessity, and hence those laws remained quite un- 
known throughout all antiquity. 

When the laws of motion were unknown, the 
other parts of natural philosophy could make no 
great advances. Instead of conceiving that there 
resides in body a natural and universal tendency 
to persevere in the same state, whether of rest, or 
of motion, they believed that terrestrial bodies tend- 
ed naturally either to fall to the ground, or to 
ascend from it, till they attained their own place ; 
but that, if they were impelled by an oblique force, 
then their motion became unnatural or violent^ and 
tended continually to decay. With the heavenly 
bodies, again, the natural motion was circular and 
uniform, eternal in its course, but perpetually va- 
rying in its direction. Thus, by the distinction 
between natural and violent motion among the bo- 
dies of the earth, and the distinction between what 
we may call the laws of motion in terrestrial and 
celestial bodies, the ancients threw into all their 
reasonings upon this fundamental subject a confu- 
sion and perplexity, from which their philosophy 
never was delivered. 

There was, however, one part of physical know- 
ledge in which their endeavours were attended with 
much better success, and in which they made im- 
portant discoveries. This was in the branch of 
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Mechanics, which treats of the aetion of forqes in 
equiUbrio, and producing not motion but Fest;-— « 
subjeot which may be understood, though the laws 
of motion are unknown. 

The first writer on this subject is Aichimedes. 
He treated of the lever,, and of the centre of gnu< 
vity, and has shown that there will be an equilif^ 
brium between two heavy bodies connected by ao 
inflexible rod or lever, when the point in which 
the lever is supported is so placed between the 
bodies, that their distances from it are inve]:sel]r 
as their weights. Great ingenuity is disqplayed ia 
this demonstration ; and it is remarkable^ that tha 
author borrows no principle from experiment, but 
establishes his conclusion entirely by reasoning a 
frioru He assumes, indeed, that equal bodies^at 
the ends of the equal arms of a lever, will babuice 
one another ; and also, that a cylinder, , or paral- 
lelepiped of homogeneous matter, will be. balanced 
about its centre of magnitude*. These, however^ 
are not inferences from experienoe ; they are, pro- 
perly speaking, conclusions deduoed from the prin- 
ciple of the $»!ffidefU reasom 

The same great geometer gave a beginning to 
the science of Hydrostatics, and discovered the law 
which detenttides the, loss of weight sustained by a 
body on being immersed in water, or in any other 
fluid. His demonstration rests on a principle, 
which he lays down as a pastulatum, that, in water. 
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tbe piarto which ai^ leaw pressed vae dlways i^ady 
to yid^ m any dicectitm to those tfatt are mom 
pfecmd* «ad irom this, by the appUcstion of ms* 
thematical reasooing, the whole theoflry of floating 
bodies is jderived. Tlie aboro is the loooe pnnci- 
pk on wliieh tiie modern writers en hydrostatics 
proceed; they give it not as a postuiatam, but as 
Qonstitidiiig the definitian of a fluid. 

ArohJgwwles, tberefbre, is the person who flnt 
made dSie application of mathefsatics to natural 
{dulosofdiy. No indnddual, perfaiqpa, ever ioid the 
fiumdatkni tif more great discoireries than that 
gettn^eter, i^ whom .Waliis has. said with so mueh 
truths ^ Vir stopendse sagacitatis^ qoi prima^ fim- 
dameata posmt i»rentionimi fer6 oaminm In qm^ 
hus.pnmioyendi8.8etas nostra gferistio^*' 

The. mechanical inquiries, begun by tiK geome* 
ter of . Syracuse,, iwere extended fay Otcsibtns attd 
Hero; by Anthemiias of Tndles; and,^ lastfy, 1^ 
Pappus Alexandrinus. Otesibius and Herotv^^^ 
the flrst who analyzed meehanical engines^ reduc- 
ing tfa^n all ^ to combinations of fi^e ' simple me- 
chanical contrtTBnces, to idaich they gjsw the name 
of ^wof^iCpGf Powers^ the s»[]a€ which they retain 
at the jrosent moment. 

Even in mechanics, howiever, the suoeess of these 
investigatiottB was limited^ and failed in thoiste 
cases where the resolution of forces is fiecessary, 
that prinoi{de being tiien entirely unknowui. Honce 
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the force necessary to sostam a body on an indiii- 
ed plane, is incorrectly determined by Pqppiii^ and 
serves to mark a point to which the mechanical 
diecmes of antiquity did not extend. 

In another department of physical knowledge, 
Astrono m y, the endeavours of the ancients were 
also accompanied with success. I do not here 
Mpeak of their astronomical theories, which were, 
indeed, very defective, but of their discovery of the 
i^porent motions of the heavenly bodies, from the 
observaticms b^un by Hipparchus, and continued 
by Ptdemy. In this their success was great; and 
whfle the earth was supposed to be at rest, and 
while the instruments of observation had but a very 
limited d^ree of accuracy, a nearer af^roach to 
the truth was probably not within the power of 
hnman ingenuity. Mathematical reasoning was 
rery skilfiilly applied, and no men whatever, in 
the same circumstances, are likely to have perform- 
ed more than the ancient astronomers. They suc- 
ceeded, because they were observers, and examin- 
ed carefully the motions which they treated of. 
The philosophers, again, who studied the motion 
of terrestrial bodies, either did not observe at all, 
or observed so slightly, that they could obtain no 
accurate knowledge, and in general they knew 
just enough of the facts to be misled by them. 

The opposite ways which the ancients thus took 
to study the Heavens and the Earth, observing the 
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one, and dreaming, as one may say, over the other, 
though a strikmg inconsistency, is not difficult to 
be explained. 

No information at all could be obtained in as* 
tronomy, without regular and assiduous observa- 
tion, and without instruments capable of measuring 
angles, and of measuring time, either directly or 
indirectly. The steadiness and regularity of the 
celestial motions seemed to invite the most scrupu- 
lous atlfention. On the other hand, as terrestrial 
objects were always at hand, and spontaneously 
falling under men's view, it seemed unnecessary to 
take much trouble to become acquainted with them, 
and as for employing measures, their irregularity 
appeared to render every idea of such a proceeding 
nugatory. The Aristotelian philosophy particu- 
larly fevoured this prejudice, by representing the 
earth, and ail things on its surface, as iull of irre- 
gularity and confusion, while the principles of 
heat and cold, dryness and moisture, were in a state 
of perpetual warfare. The unfortunate division of 
motion into natural and violent, and the distinc- 
tion, still more unfortunate, between the proper- 
ties of motion and of body, in the heavens and on 
the earth, prevented all intercourse between the 
astronomer and the naturaEst, and all transference 
of the maxims of the one to the speculations of the 
other. 

Though, on account of this inattention to expe- 
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riment, nodiing l&e tiie true syBtem of mttud 
philosophy was known to die anoieiits^ there tut^ 
nevertheless, to be found in their writings iBanj 
brilliant conceptions, several fbrtonate conjectures, 
and gleams of the light which was afterwards to be 
so generally diffiised. 

Anaxagoras and Empedocies^ for example, taiogfat 
that the moon shines by light borrowed fram the 
sun, and were led to that opinion, not only frcm 
the phases of the moon, but from its l^tt being 
weak, and unaocompanied by heat. That it wai • 
habitable body, like the earth, appears to be m doe*- 
trine as old as Orpheus ; some lines, ascribed to 
that poet, representing the moon as an earth, with 
mountains and cities on its surface. 

Democritus supposed the qx)ts on the face of 
the moon to arise from the inequalities of the iur- 
face, and from the shadows of the more elevated 
parts projected on the plains* Every one knows 
how conformable this is to the discoveries made fay 
the telescope. 

Plutarch considers the velocity of the mcum's 
motion as the cause which prevents that body 
from falling to the earth, just as the motion of a 
stone in a sling prevents it from falling to the 
ground. The comparison is, in a certain degree, 
just, and clearly implies the notion of centrifugal 
force y and gravity may also be considered as point- 
ed at for the cause which gives the moon a ten* 
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dency to the earth* Here, therefore, a foundatioa 
was laid for the true philosophy of the celestial 
motions ; but it was laid without effect. It was 
merely the conjecture of an ingenious mind, wan- 
dering through the regions of possibility, guided 
by no evidence, and having no principle which 
could give stability to its opinions. Democritus, 
and the authors of that physical system which Lu- 
cretius ha9 so beautifully illustrated, were stili 
more fortunate in some of their coi\jectures. They 
taught that the Milky Way is the light of a great 
number of small stars, very close to one another ; 
a magnificent conception, which the latest improve^ 
ments of the telescope have fully verified. Yet, as 
if to convince us that they derived this knowledge 
from no pure or certain source, the same philoso* 
phers maintained, that the sun and the moon are 
bodies no larger than they appear to us to be. 

Very just notions concerning comets were enter- 
tained by some of the ancients. The Chaldeans 
considered those bodies as belonging to the same 
order with the planets ; and this was also the opi-* 
nion of Anaxagoras, Pythagoras, and Democritus. 
The remark of Seneca on this subject is truly pbi«> 
losophical, and contains a prediction which hi^ 
been fully accomplished : " Why do we wonder 
that comets, which are so rare a spectacle in the 
world, observe laws which to us are yet unknown, 
and that the beginning and end of motions, so sel- 
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dom observed, are not yet fully understood ?**— 
Veniet tempus^ quo ista quce nunc latent^ in lucem 
dies ewtrahatj et longioris cevi diUgentia : adin- 
quisitionem tantorum cetas una mm sufficit. Ve- 
niet tempuSj quo posteri nostri tarn aperta nos ne- 
scisse mirentur. * 

It was, however, often the fate of such trodig to 
give way to error. The comets, which these an- 
cient philosophers had ranked so justly with the 
stars, were degraded by Aristotle into meteors 
floating in the earth's atmosphere ; and this was 
the opinion concerning them which ultimately pre- 
vailed. 

But, notwithstanding the above, and a few other 
splendid conceptions which shine through the ob- 
scurity of the ancient physics, the system, taken on 
the whole, was full of error and inconsistency. 
Truth and falsehood met almost on terms of equali- 
ty ; the former separated from its root, experience, 
found no preference above the latter ; to the latter, 
in fact, it was generally forced to give way, and 
the dominion of error was finally established. 

One ought to listen, therefore, with caution to the 
encomiums sometimes bestowed on the philosophy of 
those early ages. If these encomiums respected only 
the talents, the genius, the taste of the great masters 
of antiquity, we would subscribe to them without any 

n , ^ ^ . — ^ — 

* Nat. Quaest. Lib. vii. c. 25. 
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apprehension of going beyond the truth. But if 
they extend to the methods of philosophizing, and 
the discoYeries actually made, w^ must be excused 
for entering our dissent, and exchanging the lan- 
guage of panegyric for that of apology. The in- 
fancy of science could not be the time when its at- 
taifltments were the highest ; and, before we suffer 
ourselYes to be guided by the Yeneration of anti- 
quity, we ought to consider in what real antiquity 
consists. With regard to the progress of know- 
ledge and improYcment, ^^ we are more ancient 
than those who went before us.** * The hudian 
race has now more experience than in the genera- 
tions that are past, and of course may be expected 
to have made higher attainments in science and 
philosophy. Compared with natural philosophy, as 
it now exists, the ancient physics are rude and im- 
perfect. The speculations contained in them are 
Yague and unsatisfactory, and of little Yalue, but as 
they elucidate the history of the errors and illu- 
sions to which the human mind is subject. Science 
was not merely stationaiy, but often retrograde ; 
the earliest opinions were frequently the best ; and 
the reasonings of Democritus and Anaxagoras 
were in many instances more solid than those of 
Plato and Aristotle. Extreme credulity disgraced 
the speculations of men who, however ingenious, 

 Bacon. 
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were little acquainted with the laws of nature^ and 
unprovided with the great criterion by which the 
evidence of testimony can alone be examined. 
Though observations were sometimes made, expe- 
riments were never instituted ; and philosophmp 
who were little attentive to the facts which spaoto* 
neously offered, did not seek to increase their nmn- 
ber by artificial combinations* Experience^ in 
those agea» was a light which darted a few tremn* 
lous and uncertain rays on some small portions of 
the field of science, but men had not acquired the 
power over that light which now enables them to 
concentrate its beams, and to fix them steadily on 
whatever object they wish to examine. This 
power is what distinguishes the modem physics, 
and is the cause why later philosophers, without 
being more ingenious than their predecessors, have 
been infinitely more successful in the study of na- 
ture. 



2. Novum Organum. 

The defects which have been ascribed to the 
ancient physics were not likely to be corrected in 
the course of the middle ages. It is true, that, 
during those ages, a science of pure experiment 
had made its appearance in the world, and might 
have been expected to remedy the greatest of these 
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defects^ by turning the attention of phOosophen Uf 
experience and observation. This effect^ howerer, 
was far from being immediately produced; and 
none who professed to be in search of truth ever 
wandered over the regions of fancy, in paths more 
devious and eccentric, than the first experimenters 
in chemistry. They had become acquainted with 
a series of facts so unlike to any thing already 
known, that the ordinary principles of belief were 
shaken or subverted, and the mind laid open to a 
d^ree of credulity hr beyond any with which the 
philosophers of antiquity could be reproached. An 
unlooked-for extension of human power had taken 
place; its limits were yet unknown; and the 
boundary between the possible and the impossiUe 
was no longer to be distinguished. The adven- 
turers in an unexplored country, given up to the 
guidance of imagination, pursued objects which the 
kindness, no less than the wisdom of natui^, have 
rendered unattainable by man ; and in their spe- 
culations peopled the air, the earth, and all the ele- 
ments, with spirits and genii, the invisible agents 
destined to connect together all the facts which 
they knew, and all those which they hoped to dis- 
cover. Chemistry, in this state, might be said to 
have an elective attraction for all that was most 
absurd and extravagant in the other parts of know- 
ledge ; alchemy was its immediate ofi&pring, and it 
allied itself in succession with thcf dreams of the 
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Cabbaliflts, the Rodicraciaiis, and the 
Thus a science, founded in experiment, and des- 
tined one day to afford such noble examples of its 
use, exhibited for several ages little else than a 
series of iUusory pursuits, or visionary speculatbn.^ 
while now and then a fact was accidentally disco- 
vered. 

Under the influence of these drcumstancea arose 
Paracelsus, Van Helmont, Hudde, Cardan, and 
several others, conspicuous no less for the weakness 
than the force of their understandings : men who 
united extreme credulity, the most extravagant 
pretensions, and the most excessive vanity, with 
considerable powers of invention, a complete con- 
tempt for authority, and a desire to consult expe- 
rience ; but destitute of the judgment, patience, 
and comprehensive views, without which the re- 
sponses of that oracle are never to be understood, 
l^ough they appealed to experience, and disclaim- 
ed subjection to the old legislators of science, they 
were in too great baste to become legislators them- 
selves, and to deduce an explanation of the whole 
phenomena of nature from a few facts, observed 
without accuracy, arranged without skill, and never 
compared or confronted with one another. Fortu- 
nately, however, from the turn which their inqui- 
ries had taken, the ill done by them has passed 
away, and the good has become permanent. The 
reveries of Paracelsus have disappeared, but his ap- 
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pUeation of chemistry to pharmacy has conferred a 
lasting benefit on the world. The ArcfuBUS of 
Van Helmonty and the army of spiritual agents 
with which the discovery of elastic fluids had filled 
the imagination of that celebrated empiric, are 
laughed at, or forgotten ; but the fluids which h^ 
had the sagacity to distinguish, form, at the piter 
sent moment, the connecting principles of the new 
chemistry. 

Earlier than any of the authors just named, but 
in a great measure under the influence of the same 
delusions, Roger Bacon appears to have been more 
fully aware than any of them of the use of experi- 
ment, and of mathematical reasoning, in physical 
and mechanical inquiries. But, in the thirteenth 
century, an appeal from the authority of the schools, 
even to nature herself, could not be made with im- 
punity. Bacon, accordingly, incurred the displea^ 
sure both of the University and of the Churcht 
and this forms one of his claims to the respect of 
posterity, as it is but fair to consider persecution 
inflicted by the ignorant and bigoted as equivalent 
to praise bestowed by the liberal and enlightened. 

Much more recently, Gilbert, in his treatise on 
the Magnet, had given an example of an experi- 
mental inquiry, carried on with more correctness, 
and more enlai^ed views, than had been done by 
any of his predecessors. Nevertheless, in the end 
of the sixteenth century, it might still be affirmed, 
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that the ffltuation c^ the great iKvenoe to knowk^ 
was fblly understood by nonei and that its exist- 
ence, to the bulk of philosophers, ivas utterly uo^ 
knomi. 

> It vrm about this time that Francis Bacon (Lord 
Vertilam) began to turn his powerful and creatinie 
mind to contemplate the state of human knowledge, 
to mark its imperfections, and to plan its improve- 
ment. One of the considerations which i^^ears to 
have impressed his mind most forcibly, was the 
vagueness and uncertainty of all the physical spe- 
culations then existing, and the entire want of con- 
nection between the sciences and the arts. 

Though these two things are in their nature 
so closely united, that the same truth which » a 
principle in science, becomes a rule in art, yet 
there was at that time hardly any practicai improve- 
ment which had arisen from a theoretical discovery. 
The natural alliance between the knowledge and 
the power of man seemed entirely interrupted ; no^ 
thing was to be seen of the mutual support which 
they ought to afford to one another ; the improve- 
ment of art was left to the slow and precarious 
operation of chance, and that of science to the coU 
Usion of opposite opinions. 

** But whence,'' said Bacon, *^ can arise such 
vagueness and sterility in all the physical systems 
which have hitherto existed in the world ? It is 
not certainly from any thing in nature itself ; for 
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the steadiness and regularity of the laws by which 
it is goTemed clearly mark them out as objects of 
certain and precise knowledge. Neither can it 
arise from any want of ability in those who have 
pursued such inquiries, many of whom have been 
men of the highest talent and genius of the ages 
in which they lived ; and it can, therefore, arise 
fhnn nothing else but the perverseness and insuf- 
ficiency of the methods that have been pursued. 
Men have sought to make a world from their own 
conceptions, and to draw from their own minds aU 
the materials which they employed ; but if, instead 
of doing so, they had consulted experience and ob- 
servation, they would have had facts, and not opi- 
nions, to reason about, and might have ultimately 
arrived at the knowledge of the laws which govern 
the material world." 

** -As things are at present conducted,*' he adds, 
<' a sudden transition is made from sensible objects 
and particular facts to general propositions, which 
are accounted principles, and round which, as 
round so many fixed poles, disputation and argu- 
ment continually revolve. From the propositions 
thus halM^ily assumed, all things are derived, by a 
process compendious and precipitate, ill suited to 
discovery, but wondeifuUy accommodated to de- 
bale. The way that promises success is the reverse 
of this. It requires that we should generalize 
slowly, going from particular things to those that 
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are but one step more general ; from those ta 
others of still greater extent, and so on to such as 
are universal. By such means, we may hope to 
arrive at principles, not vague and obscure, but lu- 
minous and well-defined, such as nature herself 
will not refuse to acknowledge/' 

Before laying down the rules to be observed in 
this inductive process. Bacon proceeds to enume^ 
rate the causes of error, — ^the Idols^ as he terms 
them, in his figurative language, or false divinities 
to which the mind had so long been accustomed to 
bow. He considered this enumeration as the more 
necessary, that the same idols were likely to return, 
even after the reformation of science, and to avail 
themselves of the real discoveries that might have 
been made, for giving a colour to their deceptions. 

These idols he divides into four classes, to which 
he gives names, fantastical, no doubt, but, at the 
same time, abundantly significant. 

Idola Tribus, Idols of the Tribe. 
Specus, of the Den. 



Fori, of the Forum. 

Theatri, of the Theatre. 



1. The idols of the tribe^ or of the race, are 
the causes of error founded on human nature in 
general, or on principles common to all mankind. 

** The mind,'* he observes, " is not like a plane 

11 
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nurror, which reflects the images of things exactly 
as they are ; it is like a mirror of an uneven sur- 
face, whiqh combines its own figure with the figures 
of the objects it represents/* * 

Among the idols of this class, we may reckbn 
the propensity which there is in all men to find in 
nature a greater degree of order, simplicity, and re- 
giilarity, than is actually indicated by observation. 
Thus, as soon as men perceived the orbits of the 
planets to return into themselves, they immediate- 
ly supposed them to be perfect circles, and the mo- 
tion in those circles to be uniform ; and to these 
hypotheses, so rashly and gratuitously assumed, 
the astronomers and mathematicians of all antiqui- 
ty laboured incessantly to reconcile their observa-. 
tions. 

The propensity which Bacon has here character- 
ized so well, is the same that has been, since his 
time, known by the name of the spirit of system. 
The prediction, that the sources of error would re- 
turn, and were likely to infest science in its most 
flourishing condition, has been fully verified with 
respect to this illusion, and in the case of sciences 
which had no existence at the time when Bacon 
wrote. When it was ascertained, by observation, 
that a considerable part of the earth's surface con-* 
sists of minerals, disposed in horizontal strata, it 

* Novum Organum, Lib. i, Aph. 4!. 
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was immediately condadedt that the whole exterior 
crust of the earth is composed, or has been com- 
posed, of such strata, continued all roond without 
interruption ; and on this, as on a certain and go^ 
neral fact, entire theories of the earth have been 
constructed. 

There is no greater enemy which science has to 
struggle with than this jHx>pennty of the mind ; 
and it is a struggle from which science is nevi^ 
likely to be entirely relieved J because, unfortunate- 
ly, the illusion is founded on the same principle 
from which our love of knowledge takes its rise. 

S. The idols qf the den are those that spring 
from the peculiar character of the individual. Be- 
sides the causes of error which are common to all 
mankind) each individual, according to Bacon, has 
his own dark cavern or den, into which the light 
is imperfectly admitted, and in the obscurity of 
which a tutelary idol lurks, at whose shrine the 
truth is often sacrificed. 

One great and radical distinction in the capaci- 
ties of men is derived from this, that some minds 
are best adapted to mark the differences, others to 
catch the resemblances, of things. Steady and 
profound understandings are disposed to attend 
carefully, to proceed slowly, and to examine the 
most minute differences ; while those that are su- 
blime and active are ready to lay hold of the 
slightest resemblances. Each of these easily runs 
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into excess; the one by ditching contimially at 
distinctions, the other at affinities* 

The studies, also, to which a man is addicted^ 
have a great e£Pect in influencing his opinions* 
Bacon complains, that the chemists of his time, 
from a few experiments with the furnace and the 
crucible, thought that they were furnished with 
principles sufficient to explain the structure of the 
universe ; and he censures Aristotle for haying de- 
prayed his physics so much with his dialectics, as to 
render the former entirely a science of words and 
controversy. In like manner, he blames a philo* 
sopfaer of his own age, Gilbert, who had studied 
magnetism to good purpose, for having proceeded 
to form out of it a general system of philosophy. 
Such things have occurred in every period of 
science. Thus electricity has-been, applied to ex* 
plain the motion of the heavenly bodies ; and, of 
late, galvanism and electricity together have been 
held out as explaining, not only the affinities of 
chemistry, but the phenomena of gravitation, and 
the laws of vegetable and animal life. It were 
a good caution for a man who studies nature, 
to distrust those things with which he is particu- 
larly conversant, and which he is accustomed to 
contemplate with pleasure. 

3. The idols qf the forum are those tiiat arise 
out of the commerce or intercourse of society, and 
especially from language, or the means by which 
men communicate their thoughts to one another. 
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Men believe that their thoughts govern ihmr 
words ; but it also happens, by a certain kind of 
reaction, that their words frequently govern their 
thoughts. This is the more pernicious, that words, 
being generally the work of the multitude, divide 
things according to the lines most conspicuous to 
vulgar apprehensions* Hence, when words are 
examined, few instances are found in which^ if at 
all abstract, they convey ideas tolerably precise and 
well defined. For such imperfections there seems 
to be no remedy, but by having recourse to parti- 
cular instances, and diligently comparing the mean- 
ings of words with the external archetypes frqm 
which they are derived. 

4. The idols of the theatre are the last, and are 
the deceptions which have taken their rise ttom 
the systems or dogmas of the different schools of 
philosophy. In the opinion of Bacon, as many of 
these systems as had been invented, so many re* 
presentations of imaginary worlds had been brought 
upon the stage. Hence the name of idola theatric 
They do not enter the mind imperceptibly like the 
other three ; a man must labour to acquire them, 
and they are often the result of great learning and 
study. 

" Philosophy,** said he, " as hitherto pursued, 
has taken much from a few things, or a little from ^ 
a great many ; and, in both cases, has too narrow 
a basis to be of much duration or utility." The 
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Aristotelian philosophy is of the latter kind ; it has 
taken its principles from common experience, but 
without due attention to the evidence or the pre* 
dse nature of the facts ; the philosopher is left 
to work out the rest from his own invention. 
Of this kind, called by Bacon the sopJiistical, were 
almost all the physical systems of antiquity. 

When philosophy takes all its principles from a 
few facts, he calls it empirical^ — such as was that 
of Gilbert, and of the chemists. 

It should be observed, that Bacon does not charge 
the physics of antiquity with being absolutely re- 
gardless of experiment. No system, indeed, how- 
ever fantastical, has ever existed, to which that re- 
proach could be applied in its full extent ; because, 
without some regard to fact, no theory can ever be- 
come in the least degree plausible. The fault lies 
not, therefore, in the absolute rejection of experi- 
ence, but in the unskilful use of it ; in taking up 
principles lightly from an inaccurate and careless 
observation of many things \ or, if the observations 
have been more accurate, from those made on a 
few facts, unwarrantably generalized. 

Bacon proceeds to point out the circumstances, 
in the history of the world, which had hitherto fa- 
voured these perverse modes of philosophizing. 
He observes, that the periods during which sci- 
ence had been cultivated were not many, nor of long 
duration. They might be reduced to three ; the 
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fii*st with the Greeks ; the second with the Romans; 
and the third with the western nations, after the 
revival of letters. In none of all these periods had 
much ^tention been paid to natui*al philosoj^y, the 
great patient oftj^e sciences. 

With the Greeks, the time was very short dur* 
ing which physical science flourished in any d^ee. 
The seven Sages, with the exception of Thales, ap- 
plied themselves entirely to morals and politics.; 
and in later times, after Socrates had brought 
down philosophy from the heavens to the earth, 
the study of nature was generally abandoned. In 
the Roman republic, the knowledge most cultivat- 
ed, as might be expected among a martial and am- 
bitious people, was such as had a direct reference 
to war and politics. During the empire, the ior 
troduction and establishment of the Christian reli- 
gion drew the attention of men to theological stu- 
dies, and the important interests which were then 
at stake left but a small share of talent and ability 
to be occupied in inferior pursuits. The corrup* 
tions which followed, and the vast hierarchy which 
assumed the command both of the sword and the 
sceptre, while it occupied and enslaved the minds 
of men, looked with suspicion on sciences which 
could not easily be subjected to its control* 

At the time, therefore, when Bacon wrote, it 
might truly be said, that a small portion even of 
the learned ages, and of the abilities of learned men, 

8 
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bad been dedicated to the study of Natural Philo^ 
sophy. This served, in his opinion, to accotint. 
for the imperfect state in which he found human 
knowledge in general ; for he thought it certain, 
that no part of knowledge could attain much excel- 
lence without having its foundation laid in physi- 
cal science. 

He goes on to observe, that the end and object 
of knowledge had been very generally mistaken ; 
that maiiy» instead of seeking through it to improve 
the ccmdition of human life, by new inventions and 
new resources, had aimed only at popular applause, 
and had satisfied themselves with the knowledge of 
words more than of things : while others, who were 
exceptions to this rule, had gone still farther wrong, 
by directing their pursuits to objects imaginary and 
unattainable. The alchemists, for example, alter- 
nately the dupes of their o^ credulity and of their 
own imposture, had amazed and tormented the 
world with hopes which were never to be realized. 
Others, if posiaible more visionary, had promised to 
prolong Iif(^ to extinguish disease and infirmity, 
and to give man a command over the world of spi- 
rits, by means of mystic incantations. ** All this,*' 
says he, ^* is the mere boasting of ignorance ; for, 
when the knowledge of nature shall be rightly pur- 
sued, it will lead to discoveries that will as far ex- 
cel the pretended powers of magic, as the real- 
exploits of Caosar and Alexander exceed the fabu- 
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lous adventures of Arthur of Britaii^ or Amadis of 
Gaul."* 

Again, the reverence for antiquity, and the au- 
thority of great names, have contributed much to 
retard the progress of science. Indeed, the notioa 
of antiquity which men have taken up seems to be 
erroneous and inconsistent. It is the duration of 
the world, or of the human race, as reckoned from 
the extremity that is past, and not from the point 
of time which is present, that constitutes the tnie 
antiquity to which the advancement of science may 
be conceived to bear some proportion ; and just » 
we expect more wisdom and experience in an old 
than in a young man, we may expect more know- 
ledge of nature from the present than from any of 
the ages that are past. 

'* It is not to be esteemed a small matter in &m 
estimate, that, by the voyages and travels of these 
later times, so much more of nature has been disco- 
vered than was known at any former period. It 
would, indeed, be disgraceful to mankind, if, afler 
such tracts of the material world have been laid 
open, which were unknown in former times,— so 
many seas traversed, — so many countries explored, 
—so many stars discovered,— that philosophy, or the 
intelligible world, should be circumscribed by* the 
same boundaries as before/* 

* Nov. Org. Lib. i. Aph. 87. 
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Another cause has greatly obstructed the pro- 
gress of philosophy, viz. that men inquire only into 
the causes of rare, extraordinary, and great pheno- 
mena, without troubling themselves about the ex- 
planation of such as are common, and make a part 
of the general course of nature. * It is, however, 
certain, that no judgment can be formed concern- 
ing the extraordinary and singular phenomena of 
nature, without comparing them with those that are 
ordinary and frequent. 

TTie laws which are every day in action, are 
those which it is most important for us to under- 
stand ; and this is well illustrated by what has hap- 
pened in the scientific world since the time when 
Bacon wrote. The simple falling of a stone to the 
ground has been found to involve principles which 
are the basis of all we know in mechanical philoso- 
phy^ Without accurate experiments on the descent 
of bodies at the surface of the earth, the objections 
against the earth's motion could not have been an- 
swered, the inertia of body would have remained 
unknown, and the nature of the force which retains 
the planets in their orbits could never have been 
investigated. Nothing, therefore, can be more out 
of its place than the fastidiousness of those philoso- 
phers, who suppose things to be unworthy of study, 
because, with respect to ordinary life, they are tri- 

* Nov. Org. Lib. i. Aph. II9. 
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mi and unimportant. It is an error of the flame 
sort which leads men to connder experiment, and 
the actual application of the hands, as unworthy of 
them, and unbecoming of the dignity of acienoe. 
^ There are some/' says Bacon, ** who, deliglhtiiig 
in m&ce contemplation, are ofifended with our fi^ 
quent reference to experiments and operatioBS to 
be performed by the hand, things which appear to 
them mean and mechanical ; but these men do in 
fact oppose the attainment of the object they pn>* 
fess to pursue, since the exerdse of oontemplatiim, 
and the construction and invention of experimentii^ 
are supported on the same principles, and perfected 
by the same means." 

After these preliminary discussions, the great H- 
storer of philosophy proceeds, in the second book of 
the Novum Organiun, to describe and exemplify 
the nature of the induction, which he deems essen- 
tial to the right interpretation of nature. 

The first object must be to prepare a histoiy of 
the phenomena to be explained, in all their modifi- 
cations and varieties. This history is to com]^^ 
hend not only all such facts as spontaneously o£fer 
themsf Ives, but all the experiments instituted for 
the sake of discovery, or for any of the purposes of 
the useful arts. It ought to be composed with 
great care ; the facts accurately related, and dia* 
tinctly arranged ; their authenticity diligently ex- 
amined ; those that rest on doubtful evidence. 
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though not rejected, beh^ noted as uncertain, with 
the grounds of the judgment so formed. This last 
is v^ necessary } for facts often ^ypear incredible, 
only because we are ill informed, and cease to &p* 
pMT marvellous, when our knowledge is farther ex-- 
tended^ 

All such &ets, however, as appear dontrarjr to the 
ordinary ^ course of our experience, diough thus 
noted down and preserved, must have no weight 
aflowed them in the first steps of investigation, and 
are to be used only when the genend principle, as 
it emerges from the inductive process, serves to in* 
crease their probability. 

This record of facts is what Bacon calls natural 
history, and it is material to take notice of the com^ 
prehensive sense in which that term is understood 
through all his writings. According to the ar- 
rangement of the sciences, which he has explained 
in his treatise on the advancement of knowledge, 
all learning is classed relatively to the three intel- 
lectual faculties of Memory, Reason, and Imagina- 
tion. Under the first of these divisions is contain- 
ed all that is merely Narration or History, of what- 
ever kind it may be« Under the second are con- 
tmned the di&rent sciences,^ whether they respect 
the Intellectoal or the Material world. Under the 
third are comprehended Poetry and the Fine Arts. 
It is with the first of these classes only that we are 
at present concerned. The two first divisions of it 



I 
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are Sacred and Civil History, the meaning of wbich 
18 sufficiently understood. The third drriaion k 
Natural History, which comprehends the deacrip* 
tion of the facts relative to inanimate matter, and to 
all animals, except man. Natural history is again 
subdivided into three parts : 1 • The history of the 
phenomena of nature, Which are uniform ; 2..Qf 
the facts which are anomalous or extraordinary; 
3. Of the processes in the different arts. 

We are not to wonder at finding the processes of 
the arts thus enrolled among the materials of natu- 
ral history. The powers which act in the processei 
of nature and in those of art are precisely the same^ 
and are only directed, in the latter case, by the in- 
tention of man, toward particular objects. In art, 
as Bacon elsewhere observes, man does nothing 
more than bring things nearer to one another, or 
carry them farther off; the rest is performed by 
nature^ and, on most occasions, by means of which 
we arQ quite ignorant. 

Thus, when a man fia*es a pistol, he does nothing 
but make a piece of flint approach a plate of harden- 
ed steel, with a certain velocity. It is nature that 
does the rest ; — that makes the small red hot and 
fluid globules of steel, which the flint had struck 
off, communicate their fire to the gunpowder, and, 
by a process but little understood, set loose the 
elastic fluid contained in it ; so that an explosion is 
produced, and the ball propelled with astonishmg 
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velocity. It is obvious that, in this instance, art 
only gives certaiti powers of nature a particular di*- 
rection. 

- To the rules which have been given from Bacon, 
for the composition of natural history, I may be 
permitted to add this other, — ^that theoretical lan- 
guage should, «as much as possible, be dvoided^ 
Appearances ought to be described in terms which 
involve no opinion with respect to their causes. 
These last are the objects of separate examination, 
and will be best understood if the facts are given 
fairly, without any dependence on what should yet 
be considered as unknown. This rule is very es- 
sential where the facts are in a certain degree com- 
plicated; for it is then much easier to describe 
with a reference to theory than without it. It is 
only fix>m a skilful physician that you can expect a 
description of a disease which is not full of opinions 
concerning its cause. A similar observation might 
be made with respect to agriculture ; and with 
respect to no science more than geology. 

The natural history of any phenomenon, or class 
of phenomena, being thus prepared, the next ob- 
ject is, by a comparison of the different facts, to 
find out the cause oi the phenomenon, its j^nTi, 
in the language of Bacon, or its essence. The 
form of any quality in body is something converti- 
ble with that quality ; that is, where it exists, the 
quality is present, and where the quality is present, 
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the form must be so likewise* Thus, if tran^aren- 
cy in bodies be the thing inquired after, the form 
of it is something that, wherever it is found, thei€ 
is transparency ; and, vice vereOf wherever there 
is transparency, that which we have called the form 
is likewise present* 

The' form, then, differs in nothing £rom the 
cause ; only we apply the word cause where it is 
event or change that is the effect* When the 
effect or result is a permanent quality, we speak of 
the form or essence. 

Two other objects, subordinate to JbrmSf but 
often essential to the knowledge of them, are also 
occasionally subjects of investigation. These are 
the latent process, and the latent schematism; 
late7is processus, et latens schematismus. The for- 
mer is the secret and invisible progress by which 
sensible changes are brought about, and seems, in 
Bacon's acceptation, to involve the principle, since 
called the law of continuity, according to which, 
no change, however small, can be effected but in 
time. To know the relation between the time and 
the change effected in it, would be to have a per- 
fect knowledge of the latent process. In the firing 
of a cannon, for example, the succession of events 
during the short interval between the application of 
the match and the expulsion of the ball, constitutes 
a latent process of a very remarkable and compli- 
cated nature, which, however, we can now trace 



PHYSICAL SCIENCE* 89 

with some degree of accuracy. In mechanical 
operation^, we can often follow this process still 
more completely* When motion is communicated 
from any body to another, it is distributed through 
all die parts of that other, by a law quite beyond 
the reach of sense to perceive directly, but yet sub* 
ject to investigation, and determined by t principle, 
which, though late of being discovered, is now 
generally recognised. The applications of this, 
mechanical principle are perhaps the instances .in 
which a latent, and, indeed, a very recondite pro* 
cess, has been most completely analyzed. 

The latent schematism is that invisible structure 
of bodies, on which so many of their properties de- 
pend. When we inquire into the constitution of 
crystals, or into the internal structure of plants, &;c. 
we are examining into the latent schematism. 
We do the same when we attempt to explain elas- 
ticity, magnetism, gravitation, &c. by any peculiar 
structure of bodies, or any arrangement of the par- 
ticles of matter. * 

In order to inquire into the form or cause of 
any thing by induction, having brought together 
the facts, we are to b^in with considering what 
things are thereby excluded from the number of 
possible forms. This exclusion is the first part of 
the process of induction : it confines the field of 



* Nov. Org. Lib. ii. Aph. 5, 6, &c. 



90 MATHEMATICAL AND 

hypothesis, and brings the true explanation within 
narrower limits. Thus, if we were inquiring into 
the quality which is the cause of transparency in 
bodies ; from the fact that the diamond is trans- 
parent, we immediately exclude rarity or porosity 
as well as fluidity from those causes, the diamond 
being a very solid and dense body. 

Negative instances, or those where the given 
form is wanting, are also to be collected. 

That glass, when pounded, is not transparent^ is 
a negative fact, and of considerable importance 
when the form of transparency is inquired into ; 
also, that collections of vapour, such as clouds and 
fogs, have not transparency, are negative facts rf 
tlie same kind. The facts thus collected, both 
affirmative and negative, may, for the sake of refer*' 
ence, be reduced into tables. 

Bacon exemplifies his method on the subject of 
Heat ; and, though his collection of facts be imper^ 
feet, his method of treating them is extremely ju- 
dicious, and the whole disquisition highly interest- 
ing. * He here proposes, as an experiment, to try 
the reflection of the heat of opaque bodies, t He 
mentions also the vitrum calendared or thermome- 
ter, which was just then coming into use. His re- 
flections, after finishing his enumeration of facts, 

* Nov. Org. Lib. ii. Aph. 18, 20, &c. 
t Ibid. Aph. 11. 
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show how sensible he was of the imperfect state of 
his own knowledge. * 

After a great number of exclusions have left but 
a few principles»,c(Hnmon to every case, one of 
these is to be assumed as the cause ; and, by rea- 
soning from it synthetically, we are to try if it will 
account for the phenomena. 

So necessary did this exclusive process appear 
to Bacon, that he says, *' It may perhaps be com- 
petent to angels, or superior intelligences, to de- 
termine the form or essence directly, by affirma- 
tions from the first consideration of the subject. 
But it is certainly beyond the power of man, to 
whom it is only given to proceed at firot by n^a- 
tives, and, in the last place, to end in an qffirma- 
five, after the exclusion of every thing else, t 

The method of induction, as laid down here, is 
to be considered as applicable to all investigations 
where experience is the guide, whether in the mo- 
ral or natural world. " Some may doubt whether 
we propose to apply our method of investigation to 
natural philosophy only, or to other sciences, such 
as logic, ethics, politics. We answer, that we 
mean it to be so applied. And as the common 
logic, which proceeds by the syllogism, belongs not 
only to natural philosophy^ but to all the sciences. 



* Nov Org. Lib. ii. Aph. 14. 
t Ibid. Aph. 15. 
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190 our logic, which proceeds by inductioiif emfan- 

ces every thing.** * 

Though this process had been pursued by a per- 
son of much inferior penetration and sagacity to 
Bacon^ he could not but have discovered that aD 
facts, even supposing them truly and accurately n» 
corded, are not of equal value in the discovery of 
truth. Some of them show the thing sought for 
in its highest degree, some in its lowest ; some ex- 
hibit it nmple and uncombined, in others it iqp- 
pears confused with a variety of circumstances. 
Some facts are easily interpreted, others are very 
obscure, and are understood only in consequence 
of the light thrown on them by the formeJr. This 
led our author to consider what he calls Prerogd* 
tivcB Instantiarum, the comparative value of fiicts 
as means of discovery, or as instruments of investi- 
gation. He enumerates twenty-seven different 
species, and enters at some length into the peeu* 
liar properties of each. I must content myself, in 
this sketch, with describing a few of the most im- 
portant, subjoining, as illustrations, sometimes the 
examples which the author himself has given, but 
more frequently such as have been furnished by 
later discoveries in science. 

I. The first place in this classification is ass^i^ 
ed to what are called instantue sotitarice, which are 

* Nov. Org. Lib. i. Aph. 127- 
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either examples of the same quality exirting in two 
bodies, which have nothing in common but that 
quality, or of a quality differing in two bodies, 
which are ih all other respects the same. In the 
first instance, the bodies differ in all things but 
one; in the second, they agree in all but one. The 
hypotheses that in either case can be entertained, 
ocmceming .the cause ox form of the said quality » 
are reduced to a small number; for, in the first, 
they can involve none of the things in which the 
bodies differ j and> in the second, none of those in 
which they agree* 

Thus, of the cause ovform of colour now inquir- 
ed into, instantiw soUtarice are found in crystals, 
prisms of glass, drops of dew, which occasionally &%.*> 
hibit colour, and yet have nothing in common with 
the stones, flowers, and metals, which possess co- 
lour permanently, except the colour itself. Hence 
Bacon concludes, that colour is nothing else than 
a modification of the rays of light, produced, in the 
first case, by the different degrees of incidence ; 
ands in the second, by the texture or constitution 
of the surfaces of bodies. He may be considered 
as very fortunate in fixing on these examples, for 
it was by meana of them that Newton afterwards 
found out the composition of light. 

Of the second kind of instantice soUtaricBj Ba- 
con mentions the white or coloured veins which 

occur in limestone or marble, and yet hardly differ 

1^ 
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in substance or in structure from the ground of the 
stone. He concludes, very justly, from this, that 
colour has not much to do with the' essential pro* 
perties of body. 

II. The instanticB migrantes exhibit some no* 
ture or property of body, passing from <me condi- 
tion to another, either from less to greater, or 
from gi'eater to less ; arriving nearer perfection in 
the first case, or veiling towards extinction in the 
second. 

Suppose the thing inquired into were the cause 
of whiteness in bodies; an instantia migrans is 
found in glass, which, when entire, is without co- 
lour, but, when pulverized, becomes white. The 
same is the case with water unbroken, and water 
dashed into foam. In both cases, the separation 
into particles produces whiteness. So also the 
communication of fluidity to metals by the applica- 
tion of heat ; and the destruction of that fluidity 
by the abstraction o/ heat, are examples of both 
kinds of the instantia migrans. Instances of this 
kind are very powerful for reducing the cause in- 
quired after into a narrow space, and for removing 
all the accidental circumstances. It is necessary, 
however, as Bacon * very justly remarks, that we 
should consider not merely the case when a certain 
quality is lost, and another produced, but the gra- 

 Nov. Org. Lib. ii. Aph. 23. 

1 
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dual chmgeB made in those qualities during their 
migraticm^ viz. the increase of the one, aiid the cor- 
responding diminution of the other. The quantity 
which changes proportionally to another, is con- 
nected with it either as cause and effect, or as a col- 
lateral efkct of the same cause. When, again, we 
find two qualities which do not increase propor<- 
tionally, they afford a negative instance, and assure 
us that the two are not connected simply as cause 
and effect. 

The mineral kingdom is the great theatre of the 
imtanticB migrantes, where the same nature is seen 
in all gradations, from the most perfect state, till 
it become entirely evanescent. Such are the shells 
which we see so perfect in %ure and structure in 
limestone, and gradually losing themselves in the 
fber marbles, till they can no longer be distin- 
guished. The use, also, of one such fact to ex- 
plain or interpret another, is no-where so well seen' 
as in the history of the mineral kingdom. 

III. In the third place are the imtantue ostenskw^ 
which Bacon also calls ehicescenticB and predomu 
nantes. They m^ the facts which show some par- 
ticular nature in its highest state of power and 
energy, when it is either freed from the unpedi- 
ments which usually counteract it, or is itself of 
such force as entirely to repress those impediments. 
For as every body is susceptible of many diflferent 
conditions, and has many different forms combined 
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in it, one of them often confines,* deprenesb and 
hides another entirely, so that it ia not easily dis- 
tinguished. There are found, however, acmie sob- 
jects in which the nature inquired into is oomj^ete- 
ly displayed, either by the absence of impediment^ 
or by the predominance of its own power. 

Bacon instances the thermometer, or vitrum ca^ 
lendarcy as exhibiting the expansive power of heat, 
in a manner more distinct and measurable thaa in 
common cases. To this example, which is wdl 
chosen, the present state of science enables as to 
add many others. 

If the weight of the air were inquired into, the 
Torricellian experiment or the barometer aflfords an 
ostensive instance^ where the circumstance which 
conceals the weight 'of the atmosphere in common 
cases, namely, the pressure of it in all directi(m% 
being entirely removed, that weight produces its. 
full effect, and sustains the whole column of mer^ 
cury in the tube. The barometer affords also an 
example of the instanUa migrans^ when the change 
is not total, but only partial, or progressive^ If it 
be the weight of the air which supports the mer* 
cury in the tube of the barometer, when that wei^ 
is diminished, the mercury ought to stand lower. 
On going to the top of a mountain, the weight of 
the incumbent air is diminished, because a shorter 
column of air is to be sustained j the mercury in the 
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barometer oii^t therefore to sink, and it is found 
to de so abcordingly. 

These are instances in which the action of cer- 
:ain principles is rendei^ visible by the removal of 
ill the opposing forces. One may be given where 
t is the distinct and decisive nature of the fact 
vhich leads to the result* 

Suppose it were .inquired, whether the present 
and bad ever been covered by the sea. If we look 
it the stratified form of so large a portion of the 
arth's surface, we cannot but conclude it to be very 
)robable that such land was formed at the bottom 
)f the sea. But the decisive proof is afforded by 
;he shells and corals, or bodies having the perfect 
thape of shells and corals, and of other marine exu* 
riss, which are found imbedded in masses of the 
nost solid rock, and often on the tops of very high 
uountidns. This leaves no doubt of the formation: 
)f the land under the sea, though it does not de*' 
^ermine whether the land, since its formation, has 
leen elevated to its present height, or the sea de^ 
tressed to its present leveL The decision of that 
juestion requires other facts to be consulted. 

IV. The instantia clandestinaf which is, as it 
ivere, opposed to the preceding, and shows some 
power or quality just as it is beginning to exist, and 
in its weakest state, is often very useful in the ge* 
neralization of facts, n Bacon also gave to this the 
fanciful name of instantia crepusculu 

VOL. II. G 
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An example of this may be givoi from hydro- 
statics. If the suspension of water in capillary tobet 
be inquired into, it becomes very useful to ^mw that 
eflfect when it is least, or when the tube ceases to 
be capillary, and becomes a vessel of a large diame- 
ter. The column is then reduced to a slender 
ring of water which goes all round the vessel, and 
this, though now so inconsiderable, has the p roperty 
of being independent of the size of the vessel, so 
as to be in all cases the same when the materiab 
are the same. As there can be no doubt that this 
ring proceeds from the attraction of the riides, and 
of the part immediately above the water, so there 
can be no doubt that the capillary suspensioD, in 
part at least, is derived from the same cause. An 
effect of the opposite kind takes place when a ^ass 
vessel is filled with mercury. 

V. Next to these may be placed what are called 
instantice 7nanipulares, or collective instances, diat 
is, general facts, or such as comprehend a ^rest 
number of particular cases. As human knowledge 
can but seldom reach the most general cause or 
Jbrnif such collective instances are oflen the utmost 
extent to which our generalization can be carried. 
They have great value on this account, as they Jike- 
wise have on account of the assistance which thrf 
give to farther generalization. 

Of this we have a remarkaUe instance in one of 
the most important steps ever taken in any part of 
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humaii knowledge* The laws of Kepler are facts 
of the kind now treated of, and consist of three ge- 
neral truths, each belonging to the whole planetary 
system, and it was by means of them that Newton 
discovered the principle of gravitation. The first 
IB, that the planets all move in elliptical orbits, hav- 
ing the sun for their common focus ; the next, that 
about this focus the radius vector of each planet 
describes equal areas in equal times* The third 
and last, that the squares of the periodic times of 
the planets are as the cubes of their mean distances 
from the sun* The knowledge of each of these 
was the result of much research, and of the com- 
parison of a vast multitude of observations, inso- 
much that it may be doubted if ever three truths 
in science were discovered at the expence of so 
much labour and patience, or with the exertion of 
more ingenuity and mvention in unagming and 
combining observations. These discoveries were 
all made before Bacon wrote, but he is silent con- 
cerning them ; for the want of mathematical know- 
ledge concealed from his view some of the most 
splendid and interesting parts of science. 

Astronomy is full of such collective instances, 
and affords them, indeed, of the second and third 
order, that is to say, two or three times general- 
ized. The astronomer obseiTes nothing but that a 
certain luminous disk, or perhaps merely a lumi- 
nous point, is in a certain position, in respect of 
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the planes of the meridian and the horison, at a 
certain moment of time. By comparing a number 
of such observation^ he finds that this luminous 
point moves in a certain plane, ivith a certain ve- 
locity, and performs a revolution in a certain time. 
Thus, the periodic time of a planet is itself a cA 
lective fact, or a single fact expressing the reiul$ of 
many hundred observations. This holds with ce- 
spect to each planet, and with respect to each de- 
ment, as it is called, of the planet's orbit, every (nk 
of which is a general fact, expressing the result of 
an indefinite number of particulars. Hus hoUi 
still more remarkably of the inferences which ei- 
tend to the distances of the planet from the earth, 
or from the sun. The laws of Kepler are there- 
fore collective facts of the second, or even a higher 
order ; or such as comprehend a great number of 
general faqts, each of which is itself a general iacti 
including many particulars. It is much to the cr^ 
dit of astronomy, that, in all this process, no degree 
of truth or certainty is sacrificed; and that the 
same demonstrative evidence is preserved from the 
lowest to the highest point. Nothing but the use 
of mathematical reasoning could secure this advan- 
tage to any of the sciences. 

VI. In the next place may be ranked the in- 
stances which Bacon calls analogous, or paraUel 
These consist of facts, between which an analogy 
or resemblance is visible in some particulars, not* 
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withstanding great diversity in all the rest. Such 
are the telescope and microscope, in the works of 
art, compared with the eye in the works of nature. 
This, indeed, is an analogy which goes much be- 
yond the mere exterior ; it extends to the internal 
structure, and to the principle of action, which is 
the same in the eye and in the telescope, — ^to the 
latefti schematism, in the language of Bacon, as far 
as materid substance is concerned. It was the ex- 
periment of the camera obscura which led to the 
discovery of the formation of the images of exter- 
nal objects in the bottom of the eye by the action 
of the crystalline lens, and the other humours of 
which the Qye is formed. 

Among the instances of conformity, those are the 
most useful which enable us to compare produc- 
tions of an unknown formaCion, with similar pro- 
ductions of which the formation is well understood. 
Such are basalt, and the other trap rocks, compared 
with the lava thrown out from volcanoes. They 
have a structure so exactly similar, that it is hardly 
possible to doubt that their origin is the same, and 
that they are both produced by the action of sub- 
terraneous fire. There are, however, amid their 
similarity, some very remarkable differences in the 
substances which they contain, the trap rocks con- 
taining calcareous spar, and the lava never contain- 
ing any. On the supposition that they are both of 
igneous origin, is there any circumstance, in the 
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conditions in which heat may have been applied to 
them» which can account for this di£ference ? Sir 
James Hall, in a train of most philosophical and 
happily contrived experiments, has explained the 
nature of those conditions, and has shown that the 
presence of calcareous spar, or the want of it, may 
arise from the greater or less compression under 
which the fusion of the basalt was performed. 
This has served to explain a great difficulty in the 
history of the mineral kingdom. 

Comparative anatomy is full of analogies of this 
kind, which are most instructive, and useful guides 
to discovery. It was by remarking in the blood- 
vessels a contrivance similar to the valves used in 
hydraulic engines, for preventing the counter cur- 
rent of a fluid, that Harvey was led to the disco- 
very of the circulation of the blood. The analogies 
between natural and artificial productions are* al- 
ways highly deserving of notice. 

The facts of this class, however, unless the ana- 
logy be very close, are apt to mislead, by repr^ient- 
ing accidental regularity as if it were constant* Of 
this we have an example in the supposed analogy 
between the colours in the prismatic spectrum and 
the divisions of the monochord. The colours in 
the prismatic spectrum do not occupy the same 
proportion of it in all cases : the analogy depends 
on the particular kind of glass, not on any thing 
that is common to all refraction. The tendency 
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of man to find more order in things than there aq- 
tually exists, is here to be cautiously watched over. 

VII* MonodiCf or singular facts, are the next 
in order. They comprehend the instances which 
are particularly distinguished from all those of the 
genus or species to which they belong. Such is 
the sun among the stars, the magnet among stones^ 
mercury among mietals, boiling fountains among 
.springs,. the elephant among quadrupeds. So also 
among the planets, Saturn is singular from his 
ring, the new planets are so likewise from their 
small 8120, from being extrazodiacal, &c. 

Connected with these are the irregular and de- 
viating instances, in which nature seems to depart 
from her ordinary course. Earthquakes, extraor- 
dinary tempests, years of great scarcity, winters of 
singular severity, &c. are of this number. All 
sudi facts ought to be carefully collected ; and 
there should be added an account of all monstrous 
]px>ductions, and of every thing remai^able for its 
novelty and its rareness. Here, however, the 
most severe criticism must be applied ; every thing 
connected with superstition is suspicious, as well as 
whatever relates to alchemy or magic. 

A set of facts, which belongs to this class, con- 
sists of the instances in which st07iei have so often 
of late years been observed to fall from the heavens. 
Th(M3e stones are so unlike other atmospherical 
productions, and their orig'm must be so different 
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from that of other minerals, that it is scarcely pos 
sible to imagine any thing more anomalons, tmi 
more inconsistent with the ordinary course of our 
experfence. Yet the existence of this phenome- 
non is so well authenticated by testimony, and by 
the evidence arising from certain physical comrider- 
^stions, that no doubt with respect to it can be en- 
tertained, and it must therefore be received, as 
making a part of the natural history of meteon. 
But as every fact, or class of facts, which is peifect- 
ly singular, must be incapable of explanation, and 
can only be understood when its resemUanoe to 
other things has been discovered, so at present we 
are unable to assign the cause of these phenomena, 
and have no right to offer any theory of their ori- 
gin. 

VIII. Another class of facts is composed of 
what Bacon calls instantice comitattis^ or examples 
of certain qualities which always accompany one 
another. Such are flame and heat, — flame being 
always accompanied by heat, and the same degree 
of heat in a given substance being always accom- 
panied with flame. So also heat and expansion,— 
an increase of heat being accompanied vfith an in- 
crease of volume, except in a very few cases, and in 
circumstances very particular. 

The most perfect instantia comitatus known, as 
being without any negative, is that of body and 
weight. Whatever is impenetrable and inert, is 
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also heavy in a degree proportional to its inertia. 
To this there is no .exception, though we do not 
-percerre the connection as necessary. 

Hostile instances, or those of perpetual sepa- 
ration, are the reverse of the former. 

Examples of this are found in air, and the other 
elastic fluids, which cannot have a solid form 
induced on them by any known means, when 
not combined with other substances* So also in 
solids, transparency and malleability are never 
joined, and appear to be incompatible, though it is 
not obvious for what reason. 

IX. Passing over several classes which seem 
of inferior importance, we come to the instantia 
eruciSf the division of this experimental logic 
which is most frequently resorted to in the practice 
of inductive investigation. When, in such an in- 
vestigation, the understanding is placed in equi-^ 
UbriOf as it were, between two or more causes, each 
of which accounts equally well for the appearances, 
as far as they are known, nothing remains to 
be done but to look out for a fact which can be ex- 
plained by the one of these causes, and not by the 
other ; if such a one can be found, the uncertainty 
is removed, and the true cause is determined. 
Such facts perform the office of a cross, erected at 
the separation of two roads, to direct the traveller 
which he is to take, and, on this account. Bacon 
gave them the name of instantia: cmcis. 
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Suj^cMe that the subject inquired into une the 
motion of the j^bnets, and that the pheoomalii 
which first pres^it themselves, or the motion of 
diese bodies in longitude, could be ex^ained equal- 
ly on the Pudemaic and the Copemican spteB, 
that is, either on the system which makeo die 
Earth, or that which makes the Sun, the oentie of 
the planetary motions, a cautious ^lilosopher woald 
hesitate about which of the two he should adopt, 
and notwithstanding that one of them was leeom- 
maided by its superior simplicity, he mig|it not 
think himself authorized to give to it a dffftidm* 
preference above the other. If, however, he eon- 
nder the motion of these bodies in latitude, that is 
to say, their digressions from the plane of the 
ecliptic, he will find a set of phenomena wfaidi 
cannot be reconciled with the supposition that t]» 
earth is the centre of the planetary motions^ but 
which receive the most simple and satisfactory ex-* 
planation from supposing that the sun is at reat^ 
and is the centre of those motions. The latter 
-phenomena would therefore serve as instantuir 
cruciSf by which the superior credibility of the 
Copemican system was fuUy evinced. 

Another example which I shall give of an ill* 
stantia crucis is taken from chemistry, and is, in- 
deed, one of the most remarkable experiments 
which has been made in that science. 

It is a general fact observed in chemistry, that 
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metals are always rendered heavier by calcination. 
When a maife of tin or lead, for instance, is calcin** 
ed in the fire, though every precaution is taken to 
prevent any addition from the adhesion of ashee^ 
coals, &c. the absolute weight of the mass is al- 
ways found to be increased. It was long before 
th^ cause of this phenomenon was understood. 
There might be some heavy substance added, 
though what it was could not easily be imagined ; 
or some substance might have escaped, which was 
in its nature light, and possessed a tendency up- 
wards. Other phenomena, into the nature o£ 
which it is at present unnecessary to inquire, in- 
duced chemists to suppose, that in calcination a 
certain substance'actually escapes, being present in 
the regulus, but not in the calx of the metal. 
This substance, to which they gave the name of 
phlogiiMon, was probably that which, by its escape, 
rendered the metal heavier, and must, therefore^ 
be itself endued with absolute levity. 

The instantia cmcis which extricated philoso- 
phers from this difficulty, was furnished by an exp- 
periment of the celebrated Lavoisier. That ex- 
cellent chemist included a quantity of tin in a glass 
retort, hermetically sealed, and accurately weighed 
together with its contents; he then applied the 
necessary heat, and when the calcination of the 
tin was finished, he found the weight of the whole 
precisely the same as before. This proved, that 
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no substance, which was either light or hesvy; in a 
sensible d^ree, had made its way through the 
glass. The experiment went still farther. When 
the retort was cooled and opened, the air nulied 
in, so that it was evident that a port of the air had 
disappeared, or had lost its elasticity* On weigh- 
ing the whole apparatus, it was now found that its 
weight was increased by ten grains ; so that ten 
grains of air had entered into the retort when it 
was opened. The calx was next taken out, and 
weighed separately, and it was found to have be^ 
come heavier by ten grains precisely. The tm 
grains of air then which had disappeared, and 
which had made way for the ten grains that rush- 
ed into the retort, had combined with the metal 
during the process of calcination. The farther 
prosecution of this very decisive experiment led to 
the knowledge of that species of air which com- 
bines with metals when they are calcined. The 
doctrine of phlogiston was of course exploded, and 
a creature of the imagination replaced by a real 
existence. 

The principle which conducts to the contrivance 
of an experimentum cruets is not difficult to be 
understood. Taking either of the hypotheses, its 
consequences must be attempted to be traced, sup- 
posing a diflPerent experiment to be made. This 
must be done with respect to the other hypothesis, 
and a case will probably at last occur, where the 
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two hypotheses would give different results. The 
experiment made in those chxumstances will fiuw 
nish an instantia cruets. 

Thus, if the. experiment of calcination be per- 
formed in a close vessel, and if phlogiston be the^ 
eause of the increase of weight, it must either 
escape through the vessel, or it must remam in the 
vessel after separation from the calx. If the for- 
mer be the case, the apparatus will be increased in 
weight } if the latter, the phlogiston must make 
its escape on opening the vessel* If neither of 
these be the case, it is plain that the theory of 
phlogiston is insufficient to explain the facts. 

The ea^rimentum cruets is of such weight in 
matters of induction, that in all those branches of 
science where it cannot easily be resorted to, (the 
circumstances of an experiment being out of our 
power, and incapable :of being varied at pleasure,) 
there is often a great want of conclusive evidence. 
This holds of agriculture, medicine, political eco* 
nomy, &c. To make one experiment, similar to 
another in all respects but one, is what the ea^peri^^ 
tnentum cruets^ and, in general, the process of in- 
duction, principally requires; but it is what, in the 
sciences just named, can seldom be accomplishedi. 
Hence the great difficulty of separating the causes, 
and allotting to each its due proportion of the effect* 
Men deceive themselves in consequence of this cont 
tinually, and think they are reasoning from fact 
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and experience, when, in reality, they are only 
reasoning irom a mixture of truth and fidatehood. 
The only end answered by facts so incorrectly i^ 
prehended is that of making error more incorri- 
gible. 

Of the twenty-seven classes into which instantke 
are arranged by the author of the Ncfoum Orga» 
rntrn, fifteen immediately address themselves to the 
Understanding ; five serve to correct or to inform 
the Senses ; and seven to direct the hand in raising 
the superstructure of Art on the foundation of 
Science. The examples given above are firom the 
first of these divisions, and will suffice for a sum* 
mary. To the five that follow next, the general 
name of instantlce lampadis is given, fix>m their 
office of assisting or informing the senses. 

Of these the instantice januce assist the imme* 
diate action of the senses, and especially of sigfatt 
The examples quoted by Bacon are the microscope 
and telescope, (which last he mentions as the inven- 
tion of Galileo,) and he speaks of them with great 
admiration, but with some doubt of their reality. 

The instantice citantes enable us to perceive 
things which are in themselves insensible, or not at 
all the objects of perception. They cite or place 
things, as it were, before the bar of the senses, and 
from this analogy to judicial proceedings is derived 
the name of instantice citantes. Such, to employ 
examples which the progress of science has unfold- 
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ed since the time of Bacon, are the air-pump and 
the barometer for manifesting the weight and elas- 
ticity of air ; the measurement of the velocity of 
lighty by means of the eclipses of the satellites of 
Jupiter, and the aberration of the fixed stars ; the 
experiments in electricity and Galvanism, and in 
the greater part of pneumatic chemistry. In all 
tiieae instances things are made known which be* 
fore had entirely escaped the senses. 

The instanticB vice are facts which manifest the 
continuous progress of nature in her operations. 
There is a propensity in men to view nature as it 
were at intervals, or at the ends of fixed periods, 
without r^arding her gradual and unceasing ac- 
tion. * The desire of making observation easy is 
the great source of this propensity. Men wish for 
knowledge, but would obtain it at the least expence 
of time and labour. As there is no time, however, 
at which the hand of nature ceases to work, there 
ought to be none at which observation ceases to be 
made. 

The instanticB persecantes, or t^ellicantes, are 
those which force us to attend to things which, 
from their subtlety and minuteness, escape common 
observation. 

Some of Bacon's remarks on this subtlety are 
such as would do credit to the most advanced state 
of science, and show how much his mind was fitted 

Nov. Org. 11. Aph. ^l. 
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for distinguishing and observing the great and ad* 
mirable in the works of nature. 

The last division contains seven classes, of which 
I mention only two* The experiments of thia di- 
vision are those most immediately tending to p«>. 
duce the improvement of art from the extension of 
science* *^ Now there are/' says Bacon, *• two 
ways in which knowledge, even when sound in it- 
self, may fail of becoming a safe guide to the art- 
ist, and these are either when it is not suflBciently 
precise, or when it leads to more complicated means 
of producing an effect that can be employed in 
practice. There are therefore two kinds of expe«* 
riments which are of great value in promoting the* 
alliance between knowledge and power; — ^these 
which tend to give accurate and exact measures of 
objects, and those which disencumber the processes 
deduced from scientific principles of all unneces^ 
sary operations.** 

In the instanticB radii we measure objects by 
lines and angles; in the instantice curricuU by 
time or by motion. 

To the former of these classes are to be referred 
a number of instruments which now constitute the 
greater part of the apparatus of natural philosophy. 
Though Bacon had a just idea of their utility in ge- 
neral, he was unacquainted with most of them* 
The most remarkable at present are those that foK 
low : 
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1. Astronomical instnimentSy or, m(Mre genaral- 
y, all instruments fw measuring lines and angles. 

2. Instrumaits for measuring weight or fierce ; 
mch are the common balance the hydrostatic ba- 
mce, the barometer, thh instruments used in Eng- 
and by Cavendish, and in France by Coulomb^ 
irhich measure small and almost insensible actions 
bry die fiirce of torsion* 

These last rather belong to the class of the in^ 
stanUee lucUe, where force is applied as the mea- 
sure of force, than to the instantie radii* 

S. The tibermometer, newly invented in the 
tone Df Bacon, and mentioned by him under tibe 
name of Viirum Caiendare^ an instrument to which 
we owe nearly all the knowledge we have of one of 
the most powerful agents in nature, viz. Heat. 

4. The hygrometer, an instrument for measur* 
ing the quantity of humidity contained in the air ; 
and in the construction of whicb> after repeated 
failures by the most skilful experimenters, the in^* 
vention of Professor Leslie now promises success.. 
Almost every one of these instruments, to which 
severid more might be added, has brought in sight 
a new country, imd has enriched science not only 
with new facts, but with new prixiciples. 

Among the remarks of Bacon on the ^cperimenm 
ta radiij some are very remai^Efible £or the extent 
of view which they display even in the infwcy of 
physical science. He mentions the forces by 

VOL. II. H 
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which bodies act on one another at a distance, and 
throws out some hints at the attraction which the 
heavenly bodies exert on one another. 

** Inquirendum estf ''^ says be, ^^ si sit vis ali^ua 
magnetica quae operetur per coosensum inter |^ 
bum terras et ponderosa, aut inter globum luiue et- 
aquas maris, aut inter coelum stellatum et planete^ 
per quam evocentur et attoUantur ad sua apogtta ; 
haec omnia opcrantur ad distantias admodum Ion- 
ginquas.'' * 

Under the head of the instantia curricuU^ or the. 
measuring of things by time ; after remarking that 
every change and every motion requires time^ and 
illustrating this by a variety of instances, he has^ 
the following very curious anticipation of fiu^^ 
which appeared then doubtful, but which subae^ 
quent discovery has ascertained : 

*^ The consideration of those things prodi«qed in 
me a doubt altogether astonishing, viz. Whether 
the face of the serene and stany heavens be seen at 
the instant it really exists, or not till sometime lat- 
er i and whether there be not, with respect to the 
heavenly bodies, a true time and an apparent timet 
no less than a true place and an apparent plaoe^ 
as astronomers say, on account of parallax. For it 
seems incredible that the species or rays of the 
celestial bodies can pass through the immense inter* 
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val between them . and us in an instant^ or that 
they do not even require some considerable portion 
of time/' * 

« 

The measurement of the velocity of light, and 
tbe .wonderful consequences arising from it, are 
the best commisntaries on this passage, and the 
highest eiilogy on its author. 

Sudi were the speculations of Bacon, and the 
rules he laid down for the conduct of experimental 
ioquiries, before any such inquiries had yet been 
instituted. The power and compass of a mind 
whieh could form such a plan beforehand, and 
trace not merely the outline, but many of the most 
lokiute ramifications, of sciences which did not yet 
exist, must be an object of admiration to all suc- 
ceeding ages. He is destined, if, indeed, any 
thing in the world be so destined, to remain an 
in^tanAa singularis among men, and as he has had 
no rival in the times which are -past, so is he likely 
to. have none in those which arc to come. Before 
smy parallel to him can be found, not only must a 
man of the same talents be produced, but he must 
be placed in the same circumstances } the memory 
ef his predecessor must be effaced, and the light of 
sdence, after being entirely extinguished, must be 
igain beginning to revive. If a second Bacon is 
ever to arise, he must be ignorant of the first. 
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Bacon is often compared with two great men 
who lived nearly about the same time with himsd^ 
and who were both eminent reformers of philoaophji 
Descartes and Galileo. 

Descartes flourished about forty years later thm 
Bacon, but does not seem to have been acquainted 
with his writings. Like hun, however, he wh 
forcibly struck with the defects of the ancient pM- 
losophy, and the total inaptitude of the metlu)di 
which it followed, for all the purposes of physical iBh 
vestigation. Like him, too, he felt himself stiwg- 
ly impelled to undertake the reformation of this » 
roneous system ; but the resemblance between 
them goes no farther ; for it is impossible that two 
men could pursue the same eiTd by methods more 
diametrically opposite. 

Descartes never proposed to himself any thing 
which had the least resemblance to induction. He 
began with establishing principles, and from the 
existence of the Deity and his perfections, he pro- 
posed to deduce the explanation of all the pheno- 
mena of the world, by reasoning a priori. Instead 
of proceeding upward from the effect to the causey 
he proceeded continually downward from the cause 
to the effect. It was in this manner that he 
sought to determine the laws of motion, and of the 
collision of bodies, in which last all his conclusiom 
were erroneous. From the same source he dedu- 
ced the existence of a plenum^ and the continual 

4 
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preservation of the same quantity of motion in the 
universe ; a proposition which, in a certain sense, 
is true, but in the sen^e in which he understood it, 
is altogether false. Reasonings of the kind which 
he employed may possibly suit, as Bacon observed* 
with intelligences of a higher order than man, but 
te his case they are quite inapplicable. Of the 
firuit of this tree nature has forbidden him to eat, 
and has ordained, that, with the sweat of his brow, 
and the labour of his hands, he should earn his 
knowledge as well as his subsistence. 

I>fiflCBrtes, however, did not reject experiment 
altogefiicr, though he assigned it a very subordinate 
place in his philosophy. By reasoning down from 
first principles, he teljs us th^t he was always able 
to discover the effects ; but the number of different 
shapes which those effects might assume was so 
great, that he could not determine, without having 
recourse to experiment, which of them nature had 
pi^erred to the reafc. " We employ experiment,*' 
says he, ^' not as a reason by which any thing is 
proved, for we wish to deduce effects from their 
causes, and not conversely causes from their effects. 
We appeal to experience only, that oi^f innum- 
erable effects which may be produced from- the 
same cause, we may direct our attention to one r^ 
dier than another.'' It is wonderful, that Descartes 
did not see what a severe censure he was here 
passing on himself ; of how little value the ^pecur 
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lations must be that led to conclusions so vagae and 
indefinite ; and how much more philosophy is dis- 
graced by affording an explanation of thinga wfaidi 
are not, than by not affording an exj^nation of 
things which flrre. 

As a system of philosophy and philosophic in- 
▼estigation, the method of Descartes can» :there» 
fore^ stand in no comparison with that of Bacon. 
Yet his physics contributed to the advancement of 
science, but did so, much more by that whidi tfaqr 
demolished, than by that which they built up. ' la 
sdme particular branches the French philosoglier 
far excelled the English. He greatly improv e d 
the science of optics, and in the pure malihematie^ 
as has been already shown, he left behind hia 
many marks of a great and original genius* ' = He 
will, therefore, be always numbered among thois 
who have essentially contributed to the advimce* 
ment of knowledge, though nothing could be more 
perverse than his method of philosophizing^ 'and 
nothing more likely to impede the progress of 
science, had not an impulse been at that that 
given to the human mind which nothing could' re* 
sist. .^ 

* Galileo, the other rival and contemporary of Ba^ 
con, is, in truth, one of those to whom httmaa 
knowledge is under the greatest obligations* Hb 
lUsooveries in the theory of motion, in theiawi itf 
the descent of heavy bodies, and in the mottim ti 



PHYSICAL SCIENCE. 1 19 

prcgectites, laid the foundation of all th6 great Im- 
provements which have since been made by the ap- 
plication of mathematics to natural philosophy. If 
to this we add the invention of the telescope; the 
discoveries made by that instrumentj the confirma* 
tions of the Copemican system which these disco* 
veries afibrdedi and, lastly, the wit and argmnoit 
With which he combated and exposed the prejudice 
and presumption of the schools, we must admit 
tluit the history of human knowledge contains few 
greafer names than that of Galileo. On compar- 
ing him with Bacon, however, I have no hesitatiop 
in saying, that the latter has given indications of a 
genius of a still higher order* In this I know thit 
I differ from a historian, who was himself a philo» 
8(^er„'and whose suffiiage, of consequence, is here 
of more than ordinary weight* 

" The great glory of literature,** says Hume, 
*^ in this island, during the reign of James, was 
Lord Bacon. If we consider the variety of talents 
displayed by this man, as a public speak^, a man 
-of bnainess, a wit, a courtier, a companies, an au- 
thior^ a j^Iosopher, he is jurtly entitled to great 
admiration. If we consider him lOierefy as an^au- 
thor imd a philosopher, the light in which we view 
1dm at present, though very estimable, he wtts iytt 
titfefior to his contemporary Oaifleb, perhaps evfsa 
to Kepler. Bacon pointed out, at a distance, the road 
to philosophy } Gidileo both pointed it out to others, 



IM MATHEMATICAL AND 

ttdd made himself considerable advances in it. The 
Englishman was ignorant of geometry ; the JElo- 
rentine revived that sciencoy excelled in it» and 
was the first who ^plied it, together with eiqperi- 
menty to natural pluloaophy. llie former nsject- 
^ vrith the most positive disdain, the aystem of 
Copernicus ; the latter fortified it with new proofi^ 
derived both from reason and the senses. Baoon's 
style is stiff and rigid ; his wit, though often bril- 
liant, is also often unnatural and far-fetched. Ga* 
lileo is a lively and agreeable, though somewhat a 
fimlix writer/* * 

Though it cannot be denied that there ia oono- 
dentble truth in these remarks, yet it seema to me 
that the comparison is not made with the justness 
and discrimination which might have been expectr 
ed from Hume, who appears studiously to have 
contrasted what is most excellent in Galileo, with 
what is moat defective in Bacon. It is true that 
Gtilileo showed the way in the application of ma- 
thematics and of geometry to physical investigi- 
tion, and that the immediate utility of his perform-* 
ance was greater than that of Bacon's ; as it im- 
pressed more movement on the age in which he 
lived, example being always so much more power- 
ful than precept* Bacon, indeed, wrote for an 
age more enlightened than his own, and it was 
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long before the full merit of his work was under- 
stood. But though Galileo was a geometer, and Ba^ 
con unacquainted with the mathematics,-— though 
Galileo added new proofs to the system of the 
earth^s motion, which Bacon rejected altogether,'-^ 
yet is it certain, I think, that the former has more 
fellows or equals in the world of science than the 
latter, and that his excellence, though so high, is 
less unrivalled. The range which Bacon's specu- 
lations embraced was altogether immense. He cast 
a penetrating eye on the whole of science, from its 
feeUest and most infantine state to that strength 
and perfection from which it was then so remote^ 
and which it is perhaps destined to approadi to 
continually, but never to attain. More substitutes 
jnight be found for Galileo than for Bacon. More 
than one could be mentioned, who, in the place of 
the former, would probably have done what he did ; 
but the history of human knowledge points out no- 
body of whom it can be said, that, placed in the 
situation of Bacon, he would have d<me what Ba- 
con ^d ;— no man whose prophetic genius would 
Jbave enabled him to delineate a system of scleaee 
which jbad not yet begun to exist 1 — ^who could hav^ 
derived the knowledge of whsA ot^ht tQ be fro^ 
what was not, and who could ha^^^e become so riiph jn 
wisdom, though he received i&pm \m predeeevwow 
no inheritance but their errors. I am inclined, 
therefore, to agree with D'Alembertj ^' that when 
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one considers the sound and enlarged vietrg of this 
great man^ the multitude of the objects to which 
his mind was turned, and the boldness of his st^, 
which unites the most sublime images with the 
most rigorous precision, one is disposed to regard 
him as the greatest, the most universal, and the 
most eloquent of philosophers.'* * 



S. Remarks, &c. 



It will hardly be doubted by any one who at- 
tentively considers the method explained in the 
Novum Qrganum, which we have now attempted 
to sketch, that it contains a most compreh^nsite 
and rigorous plan of inductive investigation. A 
iquestion, however, may occur, how far has this 
method been really carried into practice by those 
who have made the great discoveries in natural 
philosophy, and who have raised physical science 
to its present height in the scale of human know- 
ledge ? Is the whole method necessary, or have 
not circumstances occurred, which have rendered 
experimental investigation easier in practice thaA 
it appears to be in theory ? To answer these ques- 
tions completely, would require more discussidn 
than is consistent with the limits of. this Dissertn- 
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tion ; I isliall, therefore, attempt no more than to 
point out the principles on which such an answer 
may he founded. 

In a very extensiVe department of physical 
science, it cannot be doubted that inTestigation 
has been carried on, not perhaps more easily, but 
with a less frequent appeal to experience, than the 
rules of the Novum Oi^anum would seem to re- 
quire. In all the physical inquiries where mathe- 
matical reasoning has been employed, after a few 
principles have been established by experience, a 
vast multitude of truths, equally certain with the 
principles themselves, have been deduced frcim 
them by the mere application of geometry and al-A 
gebra. 

lii mechanics, for example^ after the laws of mo^ 
tion were discovered, which was done by experi-. 
ment, the rest of the science^ to a great extent, was 
carried on by reasoning from those laws, in the 
isame manner that the geometer makes his discove* 
ries by reasoning on the definiticms, by help of a 
few axioms, or self-evident propositions* The on^ 
ly difference is, that, in the one case, the defini- 
tions and axioms are supplied solely ifrom the mind 
itself, while, in the other, all the definitions and 
axioijiis, which are not those of pure geometry, are 
furnished by experience.  



• The part of mechianics which involves only statical con- 
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Bacon certainly was not fully aware of the ad- 
vantages that were thus to accrue to the physical 
sciences. He was not ignorant, that the introduc- 
tion of mathematical reasoning into those sciences 
is not only possible, but that, under certain condi- 
tions, it may be attended with the greatest advan- 
tage. He knew also in what manner this applica* 
tion had been abused by the Platonists, who had 
attempted, by means of geometry, to establish the 
first principles of physics, or had used them, in 
aaiomatis constituendis^ which is exacdy the pro- 
vince belonging exclusively to experience^ At the 
same time, he pointed out, with greid; precision, 
the place which the mathematics may legitimately 
occupy, as serving to measure and compare the ob- 
jects of physical inquiry. He did not, however, 
p^ceive beforehand, nor was it possible that h^ 
should, the vast extent to which the application of 
that science was capable of being carried. In the 
book, De Augmentis, he has made many excelt 
lent remarks on this subject, full of the sagacity 
which penetrated so far into futurity, but, never- 
theless, could only perceive a small part of the 
^en^ which the genius of Newton was afterward* 
tp unfold. 

siderations^ or the equilibrium of forces^ is capable of being 
treated by reasoning a priori entirely, without any appeiJ to 
experience. This will appear, when the subject of Mecha^ 
nics is more particularly treated of. 
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Hence, the route which leads to many of the 
richest and most fertile fields of science, is not pre- 
cisely that which Bacon pointed out ; it is saler 
and easier, so that the voyager finds he can trust 
to his chart and compass alone, without constantly 
looking out, or having the sounding-line perpetu- 
aUy in his hand. 

Another remark 1 must make on Bacon's me- 
thod is, that it does not give sufficient importance 
to the instantke radiij or those which furnish us 
with accurate measures of phyidcal quantities. The 
experiments of this class are introduced as only 
subservient to practice ; they are, however, of in- 
finite value in the theoretical part of induction, or 
for ascertaining the causes and essences of the 
things inquired into. We have an instance of this 
in the discovery of that important truth in physical 
astronomy, that the moon is retained in her orbit 
by the force of gravity, or the same which, at the 
earth's surface, makes a stone fall to the ground* 
This proposition, however it might have been sus- 
pected to be true, coiUd never have been demon- 
strated but by such observations and experiments 
as assigned accurate geometrical measures to the 
quantities compared. The semidiameter of the 
earth \ the velocity of falling bodies at the earth's 
surface ; the distance of the moon, and her vqlod- 
ty in her orbit ;— all these four elements nrast be 
determined with great precision, and afi^rwards 
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eompared together by certain theorems, deduced 
from the laws of motion^ before the relation be- 
tween the force which retains the moon in har or- 
bit, and that which draws a stone to the groimd, 
conld possibly be discovered. The discovery also, 
when made, carried with it the evidence of demon- 
stration, so that here, as in many other cases, the 
mstanUas radU are of the utmost importance iii ihe 
theoretical part of physics. 

Another thing to be observed is, .that, in many 
cases, the result of a number of particular Smts% or 
llie collective instance arising from them, can <mly 
be found out by geometry, which, therefore, be- 
comes a necessary instrument in completing the 
work of induction. An example, which the science 
of optics furnishes, will make this clearer than any 
general description. When light passes from one 
transparent medium to another it is refracted, thsA 
is, it ceases to go on in a straight line, and the an- 
.gle which the incident ray makes with the superiSr 
cies which bounds the two media, determines that 
which the refracted ray makes with the same su- 
perficies. Now, if we would learn any thing about 
the relation which these angles bear to one another, 
we must have recourse to experiment, and all that 
experiment can do is, for any particular angle of 
incidence, to determine the corresponding angle 
of refraction. This may be done in innumerable 
cases ; but, with respect to the general rule which, 
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lit every possible case> determines the one of those 
angles from the other, or expresses the constant 
and ^invariable relation which subsists between them, 
^«*Hwith respect to' it, experiment gives no diiect in- 
formation. . The methods of geometry must thei^ 
fore be called in to our assistance, which, when a 
constant though unknowd relation subsists between 
twQ adgles, or two variable quantities of any kindf 
and when ah indefinite number of values of those 
quantities are given, furnishes infallible means of 
discovering that unknown relation, either accumte- 
ly»: or at least by approxiutation. In this way it 
has:been found, that^ when the two media remain 
the same, the cosines of the angles above mention^- 
ed hav^ a constant ratio to one another. Thus U 
iqppears, that, after experiment has done its utmost, 
geometry must be applied before the business i[]^ 
induction can be completed. This can only hap- 
pen when the experiments afford accui-ate measures 
of the quantities concerned* like the instafitjue vq* 
dii9 cturriculh &c. and this advantage of admittiog 
generalization with so much certainty is onq qf 
their properties, of which it does not appear that 
even jBacon himself was aware. 

Again, from the intimate connection which pie- 
vails among the principles of science, the success of 
one investigation must often contribute to the suc- 
cess of another, in such a degree as to make it ua- 
necessary to employ the cpmplete ajppai*atus of in- 
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daction from the b^uming. Wh^ oertam leak 
ing principles have been once establighed, tfaqr 
serve, in new investigations, to narrow the fimiti 
within which the thing sought for is containedy hmL. 
enable the inquirer to arrive more speedily at the 
truth* 

Thus, suppose that, after the nature of the sfr^ 
flection and refraction of light, and partienlarly of 
the colours produced by the latter, had been disoo- 
vered by experiment, the cause of the rainbow wen 
to be inquired into. It would, after a little consi- 
deration, appear probable, that the phenomenon to 
be explained depends on the reflection and refiae- 
tion of light by the rain falling from a doud oppo- 
dte to the sun* Now, since the nature of reflec- 
tion and refraction are supposed known, we have 
the principles previously ascertained which are like- 
ly to assist in the explanation of the rainbow. We 
have uo occasion, therefore, to enter on the in- 
quiry, as if the powers to be investigated wefe 
wholly unknown. It is the combination of them 
only which is unknown, and our business is to seek 
so to combine them, that the result may correiqpond 
with the appearances. This last is precisely what 
Newton accomplished, when, by deducing from the 
known laws of refraction and reflection the breadth 
of the coloured arch, the diameter of the circle of 
which it is a part, and the relation of the latter to 
the place of the spectator and of the sun, he found 
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all these to come opt from his calculus, just als they 
are observed in nature. Thus he proved the truth 
oThia solut^ by the most clear and irresistible 
evidence; 

The strict method of Bacon is therefore only ne- 
cessary where the thing to be explained is new^ 
and whfiva we have no knowledge, or next to none^ 
of the |K>wers employed* This is but rarely the 
case^ ft least in some of the branches of Physics j 
and, therefore, it ocoiirs most conmionly in actual 
i^irestigation^ that the inquirer finds himself limited^ ^ 
afanoat fWn^ the first outset, to two or three hypo^ 
theses, all other suppositions involving inconsisten- 
ciefr which cannot for a moment be admitted. His 
boaiDess, th€a:iefore, is to compare the results e£ 
theqtp hypotheses, and to consider what consequences 
Qoay; i9 any ease arise from the one that would not 
ariflS;^ firom the other. If any such difference can 
W fiioiid, and if the matter is a subject of experi- 
ment We faaire then an instantia crucis which must 
decidjB the qvestiotu 

Thus, th^ msianUa crucis c(»nes in real practice 
to he the experiment most frequently a^aled t0| 
add that from which the most vahiable information 
isderiwd. 

In eiseciiting the method here referred to, the 
applicaliop of much reasoning, and frequently of 
mttc& Aiathematical reasoning, is necessary, before 
an|^ i^>peai to tike eJiperiment can Ire made, in order 

VOL. 11. I 
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to deduce from each of the hypotheses an exact 
estimate of the consequences to which it leads* 
Suppose, for instance, that the law by which the 
magnetic virtue decreases in its intensity, as we rC' 
cede from its poles, were to be inquired into. It is 
obvious that the number of hypotheses is here in- 
definite ; and that we have hardly any choice but 
to begin with the simplest, or with that whidi is 
most analogous to the law of other forces propagat- 
ed from a centre. Whatever law we assume, we 
must enter into a good deal of geometric reasoning 
before ^ conclusion can be obtained, capable of be^ 
ing brought to the test of experience* The force 
itself, like all other forces, is not directly perceived^ 
and its effects are not the result of its mere inten« 
sity, but of that intensity combined with the fignie 
and magnitude of the body on which it acts ; and, 
therefore, the calculus must be employed to express 
the measure of the effect, in terms of the intensity 
and the distance only. This being done, the hy- 
pothesis which gives results most nearly correspond? 
ing to the facts observed, when the magnet acts on 
the same body, at different distances, must be taken 
as the nearest approximation to the truth. We 
have here an instance of the use of hypothesis in 
inductive investigation, and, indeed, of the only 
legitimate use to which it can ever be applied. 

It also appears that Bacon placed the ultimate. 
object of philosophy too high, and too much out of 
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the reach of man, even when his exertions are most 
skilfully conducted. He seems to have thought, 
tl^t> hy giving a proper direction to our researches, 
and carrying them on according to the inductive 
method, we should arrive at the knowledge of the 
essences of the* powers and qualities residing in 
bodies ; that we should, for instance, become ac« 
quainted with the essence of heat, of cold, of colour, 
of trani^rency* The fact, however, is, that, in ad 
far as science has yet advanced,^ no one essence has 
been discovered, either as to matter in general, or 
as to any of its more extensive modifications. We 
are yet in doubt, whether heat is a peculiar motion 
of the minute parts of bodies, as Bacon himself 
condeivedit to be ; or something emitted or radi- 
ated from their surfaces ;. or lastly, the vibrations 
of an elastic medium, by which they are penetmted 
md surrounded. Yet whatever . be the form or 
essence of heat, we have :discovered a great number 
of. its properties and its laws ; and have done so, by 
pursuing with more or less accuracy the method of 
induction«r We* have also this .consolation for the 
imperfeetioiL of our theoretical knowledge, that, in 
as mttch aa art is.conpemed, or the possession of 
pofwer over heat^ we have perhaps all the advantages 
that could.be obtained from a coniplete knowledge 
ofdta.reasenee. V . ' 

i An equal^degree of mystery 'hang&^over the other 
properties and .modifications of b6dy ; lights eleo- 
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Ificiljf IKIgllCtHDIly flJHlMltj, glJlMjl, SK M is tk 

MBe chrmwlJi irci ; nd tbe only adiance Ail 
pinkMopliy Im sade towird tiie dncoiaj cf dn 
CMCM C M of diae qnafities or sabitaicn ii^ bf ck-* 

I's modiiL tlnft tiie fink 





filioiis. Beades thn^ inid tiie ilwie imlaieM tli» 
kiffs of arlkm hsie been jac ei Uiu ed; the 
muM hate been reduced to m few genenl 
and in tome okkm, as in thai of gnmlj, to 
only; and for ong^ dun yet i^ipean, tUa is th» 
b^^iest point whidi oar science if destined to Radu 
Jn cooaeqiienceof snpposmga greater pfrfttiitna. 
in knoif kdge than is ever likely to be •Maimrd^ 
Bacon appears^ in some le^ects^ to haie nusqppn^ 
handed the nay in which it is nhiwately to beeomg' 
applicable to art. He coneenres that^ if the^^ifw^ 
of any qoaliQr were known, we should be M^hf 
indncfng that fimn on any body, to ooinnnmifiMtr 
to Hike said quality. It is not probable^ Imsuuiaiy 
that this wodd often lead to a asoie easy and aaaik- 
|de process than that which art has alitady ioESfnt- 
ad« In the esse ef colour, for example, dMngk 
^^norant of its,/&mt, or of the construction of ev^ 
fiiee which enaUes* bodies to reflect only^ li^ lai\^ 
particular species, yet we know how to eonininis-- 
este that power ikmir one body to qpotUer^ Nbris 
it.likelyt thoaghithis structore wereknombq^ail^ 
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0rev so great ptecMon, that We should be able to 
impart it to bodies bj any means so simple and 
eMfy as hf the common process of immerang them 
{n a ti^id of it given colour* 

111 some instances^ however, the theories q[ che* 
mistrf kuve IfSd to tmprowments of art very con* 
formable to the anticipations of the Novum Org^ 
)mm^ A remarkaUe instance of this occurs in the 
process for bleaching, invented by BerthoUet. It 
hkul been for some time known, that the coipbina* 
Ition of the chemical principle of oxygen with the 
iebtotirfaig matter in bodies, destroyed^ or dischar- 
1^, the colour ; and that, in the common process 
of bleaching, it was chiefly by the union of the 
oxygen of the air with the colouring matter in the 
dodi that this effect was produced* The excel- 
lent cbemifiA just named conceived, therefore, that 
if the oi^ygen could be presented to the cloth in a 
dense stat^ and, at the same time, feebly combin- 
ed with any other body, it might unite itself to the 
iMlouring matter so readily, that the process of 
bleaching would by that means be greatly accele- 
rated. His skiU in chemistry suggested to him a 
Way in which this might easily be done, by im- 
Qiendng the cloth in a liquid containing much 
oxygen in a loose state, or one in which it was 
slightly combined with other substances, and the 
effect followed so exactly^ that he was able to per- 
form in a few hours what required weeks, and 
even months, according to the common proce£^. 
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This improvement, therefore, was a real gift from 
the sciences to the arts ; and came nearly, though 
not altogether, up to the ideas of Bacon. I sus- 
pect not altogether, because the manner in which 
oxygen destroys the colour of bodies, or alters 
the structiure of their surfaces, remains quite un- 
known. 

It was natural, however, that Bacon, who studied 
these subjects theoretically, and saw no-where any 
practical result in which he could confide, should 
listen to the inspirations of his own ge&ius, and 
ascribe to philosophy a perfection which it may be 
destined never to 'attain. He knew, that from 
what it had not yet done, he could conclude no- 
thing against what it might hereafter accomplish. 
But after his method has been followed, as it has 
now been, with greater or less accuracy, for more 
than two hundred years, circumstances are greatly 
changed ; and the impediments, which, during all 
that time, have not yielded in the least to any ef- 
fort, are perhaps never likely to be removed. This 
may, however, be a rash inference ; Bacon, after 
all, may be in the right ; and we may be judging 
under the influence of the vulgar prejudice, which 
has convinced men, in every age, that they had 
nearly reached the farthest verge of human know- 
ledge. This must be left for the decision of po- 
sterity ; and we should rejoice to think, that judg- 
ment will hereafter be given against the opinicm 
which at this moment appears most probable. 
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Section III. 
MECHANICS. 

li Theory of Motion. 

Before the end of the sixteenth century, me- 
chanical science had never gone beyond the pro- 
blems which treat of the equilibrium of bodies, and 
had been able to resdve these accurately, only in 
the cases which can be easily reduced to the lever* 
Gruido Ubaldi, an Italian mathematician, was 
^mong the first who attempted to go farther than 
Archimedes and the ancients had done in such in- 
quiries. In a treatise which bears the date of 
1577> he reduced the pulley to the lever, but with 
respect to the inclined plane, he continued in th6 
3aine error with Pappus Alexandrinus, supposing 
that a certain force must be applied to sustain a 
body, even on a plane which has no inclination. 

Stevinus, an engineer of the Low Countries, is 
the first who can be said to have passed beyond 
the point at which the ancients had stopped, by 
determining accurately the force necessary to sus- 
tain a body on a plane inclined at any angle to the 
horizon. He resolved also a great number of other 
problems connected with the preceding, but, never- 
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thelesSf did not discover the general principle of 
the composition of forces, though he became ac- 
quainted with this particular case, immediately 9^ 
plicable to the inclined plane* 

The remark, that a chain laid on an inclined 
plane, with a part of it hanging over at top, in a 
perpendicular line, will be m equilibrio, if the two 
ends of the chain reach down exactly to the same 
level, led him to the conclusion, that a body may 
be supported on such a plane by a force whidi 
draws m a direction parallel to it, and has to ^ 
weight of the body the same ratio that the heq^ 
of the plane has to its length. 

Though it was probaUy from experience. \ShU^ 
Stevinus derived the knowledge of this propoatiooi 
he attempted to prove the truth of it by reasoDiilg 
a priori. I{e supposed the two extremities of itfai 
chain, when disposed as above, to be connected 1^ 
a part similar to the rest, which, therefor^ mutt 
hang down, and form an arch. If in this alat^ 
says he, the chain were to move at all, it wodd 
continue to move for ever, because its situation^ tm 
the whole, never changing, if it were determined 
to move at one instant, it must be so determined at 
every other instant. Now, such perpetual motion^ 
he adds, is impossible, and therefore the chain, is 
here supposed, with the arch banging below, does 
not move. But the force of the arch below draws 
down the ends of the chain equally, because the 
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4eel». Ji'^iyMed i& the tniddle or Ibweafc i^ini into 
t«f9§att«i9biujlar«i^eqiuU^ . Take away time tw> 
eqtial fi)roeis^ aad the remaining foitefes mil alao Ito 
0yildi^ that is, die tendency of the diiin to deseeiftd 
along the in^Hned plani^ and thd opposite teildeney 
of the 1^ hedging . perpendicularly down^ are 
equalf or are in ^quiUbrto with one anotiiet. Such It 
dbfi jfeaaonitag of Stevinus^ whieh, Whether perfeci* 
ly MitifllaiHxtry or noti ibiust be acknowledge^ to he 
exfcranely ingemous, and highly disaenring of afe* 
tenfcmr» as having farnished the first sohdidb of a 
prahlenH by which the progress of mechahieal 
scieikce had be^ bng arreirted. The first i^pear^ 

ance of hb solution is said to have had the date of 

. • • • • « 

IS^\ bHk his works^ as we now see them^ were 
collected iafter his deaths by his countryman AUiert 
Girard^ and published at Leyden in 1634.* SonM 
^iactfieries of Steyinus in hydrostatics will be here* 
after mentioted* 

The persoki who comes next in the histokry of 
mechailics made a greiat l:evplution in the {Aysical 
sciences. Galileo was borfa at Fisa in^ the year 



•mV 



* The edilioik of Albert Girard is entitled O^uvres MtUkf* 
matiques de iStevins, in folio. See Livre !• De la Siatique, 
Theorem 11. Stevinusalso wrote a treatise on navigatioiij 
which was published in Flemish in 1586^ and was after- 
wards honoured with a translation into Latin^ by Grotius. 
The ttielrit of Sbivinus has been particularly noticed by La 
Qraog9. Miecmmque Anafyiique^ Tern. I* Sect. 1. § 5. 
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1564. He early applied himself to the atudy of 
mathematics and natural philosophy ; and it is from 
the period of his discoveries that we are to date the 
joint application of experimental and geometrical 
reasoning to explain the phenomena of nature. 

As early as 159^ he published a treatise, deUa 
Scienza Mecanicaj in which he has given the 
theory, not of the lever only, but of the inclined 
plane and the screw ; and has also laid down this 
general proposition, that mechanical engines make 
a small force equivalent to a great one, by makiiig 
the former move over a greater space in the same 
time than the' latter, just in proporCion as it is less. 
No contrivance can make a small weight put t 
great one in motion, but such a one as ^ves to the 
small weight a velocity which is as much greater 
than that of the large weight, as this last weight is 
greater than the first. These general propositions, 
and their influence on the action of machinery, 
Galileo proceeded to illustrate with that cleamessfi 
simplicity, and extent of view, in which he was 
quite unrivalled ; and hence, I think, it is fair to 
consider him as the first person to whom the me- 
chanical principle, since denominated that of (he 
virtual velocities^ had occurred in its full extent. 
The object of his consideration was the action of 
machines in motion, and not merely of machines 
in equilibrio, or at rest ; and he showed, that, if 
the effect of a force be estimated by the weight 
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it can raise to a given height in a given timd, 
this effect can never be increased by any mechani* 
cal contrivance whatsoever. 

. In the same treatise^ he lays it down as a postu^ 
late» fsupposizi(me,J that the effect of one heavy 
body to turn another round a centre of motion, is 
proportional to the perpendicular drawn from that 
centre to the vertical passing through the body, or 
in general to the direction of the force. This pro- 
position he states without a demonstration^ and 
passes by means of it to the oblique lever, and 
thence to the inclined plane. To speak strictly, 
however, the demonstrations with respect to both 
these last are incomplete, the preceding proposition 
being assumed in them without proof* It is prcK 
bable that he satisfied himself of the truth of it, on 
the principle, that the distances of forces from the 
centre of motion must always be measured by lineil 
making the same angles with their directions, and 
that of such lines the simplest are the perpendicu- 
lars. His demonstration is regarded by La Grange 
as quite satisfactory. ^ 

Gralileo extended the theory of motion still far- 
ther. He had begun, while pursuing his studies 
at the university of Pisa, to make experiments on 
the descent o^. falling bodies, and discovered the 
fact, that heavy and light bodies fall to the ground 

from the same height in the same time, or in times 

- — -■ ' '  I III 

* Mecanique Analytique, Tom I. Sect. 1. § 6, 
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SO nearly tl^e name, tlmt the difiBbrenct em only be 
lambed to the resistance of the air^ Fwta^bwHp 
jng the vibrations of the lamps fai the cathedndj he 
also arrived at this yerj important conchidoii in 
H^ecfaamqs^ that the great and the small yibiiMiQM 
of the isfame pendulun^ are pejrformed in the 
jtime, and that this time depends only oil this 
of the pisndulilmw The date of thes^ pbsemthm 
goesb(Ei!pk as far as the year 1683. 

These e^perimetits drew upon him thje duapleft^ 
sure pf his m^ste^ who considered it as ipibeMDi^ 
jng of their pupil to seek fpr triith in the 3ook df 
Nutuie rather dwn in the writings of Aristotle^ 
when dupidated by their commentaries^ ittid fiiint 
that moment b^an the persecutions with whidk 
|iie prejudicot the jealousy^ and bigotry of his 
temporaries^ omtinued to harass or affliet this 
man throughout his whole life^ ^\»-^ 

That the acceleration of falling bodiefi is nm^ 
form, or, that they receiye equal increments of 
locity in equal timeef, he appears first to have 
sumed as the law which they follow, merely <m ao»- 
coiint of its simplicity. Having once assumed thia^ 
jj^nciple, he showed, by mathematical reasonings 
that the spaces descended through must be » the 
squares of the times, and that the space fatleik 
through in one second is just the half of that whicl^ 
the body would have described in the satne 
with the velocity last acquired. 
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Tlie kiumle^ which he already had of the 
pi^qperties of the inclined plane enabled him wry 
readily to perceive^ that a body descending on mck 
a plane must be uni€»iinly accelerated, though mem 
slowly than when it && directly, and is acoelenub- 
ed by ItB whole weight. By means of the iiidin* 
ed plan^ therefore, he was able to bring the whole 
theory of falling bodies to the test of experimenty 
saoid to prove the truth of his original assumption, 
the |ini£brmity of their acceleration. 

His next step was to determine the path of ai 
heavy body, when obliquely projected. He show^ 
ed this path to be a parabola ; and here, for the 
first time, occurs the use of a prindjde which is 
the same with the composition of motion in its fuU 
extent. Galileo, however, gave no name to this 
prineipAe j he did not enunciate it generally, imnt 
^d he give any demonstration ofk, though he em* 
ployed it in his reasonings. The inertia of body 
wag assumed jn the same manner ; it was» indeed^ 
involved in the uniform acceleration of falling bo^ 
diei^ ^ ^ese bodies did not lose in one mtiiute 
the motion aoipiired in the preceding^ but, retaiB<> 
ing It, went ^ continuaMy receiving qif^re^ 

Hie theory of the inclkied plane had led to the 

knoMFledge of Ihis proposition, that, if a circle Jbe 

placed vertically, the chords of diflferent arches 

termlniitiug in the .lowest point of the circle^ are 

all descended through in the same space of twe» 
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This seemed to explain why, in a circle, the great 
and the small vibrations are of equal duration. 
Here, however, Galileo was under a mistake, as 
the motions in the chord and in the arch are very 
dissimilar. The accelerating force in the chord 
remains the same from the beginning to the end| 
but, in the arch, it varies continually, and becomes, 
at the lowest point, equal to nothing. The times 
in the chords, and in the arches, are therefore dif- 
ferent, so that here we have a point marking the 
greatest distance in this quarter, to which theme- 
dhanical discoveries of Galileo extended. The 
first person who investigated the exact time of a 
vibration in iEtn -arch of a circle was Huygens, a 
very profound mathematician. 

To this list of mechanical discoveries, already so 
important and extensive, we must add, that Gralileo 
was the first who maintained the existence of the 
law of contimiityj and who made use of it as a 
principle in his reasonings on the phenomena <tf 
motion. * . 

The vibrations of the pendulum having suggest* 
ed to Galileo the means of measuring time accii^ 
rately, it appears certain that the idea of apjdying 
it to the clock had also occurred to him, and of us- 
ing the chronometer so formed for finding the 

• Opere di Galileo, Tom. IV. Dial. 1. p. S2, Florence 
edidon, and in many other parts. 
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ongitude, by means of observations made on the 
^pses of the satellites of Jupiter. How far he 
lad actually, proceeded in an invention which re- 
juired great practical knowledge, and which after- 
pvards did so much credit to Huygens, appears to 
M uncertain^ .and not now easy to be ascertained. 
But that the project had occurred to him, and that 
be had taken some steps towards realizing it, is suf- 
ficiently established. 

One forms, however, a very imperfect idea of 
this philosopher, from considering the discoveries 
and inventions, numerous and splendid as they are, 
of which he was the undisputed author. It is by 
following his reasonings, and by pursuing the train 
of his thoughts in his own elegant, though some- 
what diffuse exposition of them, that we become 
acquainted with tbe fertility of his genius, with the 
sagacity, peii^etration, and comprehensiveness of his 
mind. The service which he rendered to real 
knowledge is to \>e estimated not only from the 
truths which he discovered, but from the errors 
which he detected,— not merely from the sound 
principles which he established, but from the per*? 
nicious idols which he pyerthrew* His acutenesa 
was strongly displayed in the address with whid^ 
he exposed the errors of his adversaries, and refut* 
ed their opinions, by comparing one part of them 
with another, and proving, their extreme inconsis- 
tency, Of all th^ writers who have lived in an 
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age, which was yet only emerging from ignonosm 
and barbarism, Galileo has most entirdy the tone 
of true philosophy, and is most free from any con*' 
tamination of the times in taste, sentiment, and 
opinion* 

The discoveries of this great man concerning 
motion drew the attention of philosophers mate 
readily, from the circumstance that the astrononfi- 
cal theories of Copernicus had directed their atten- 
tion to the same subject. It had become evident, 
that the great point in diqiute between his sjMem 
and the Ptolemaic must be finally decided by an 
appeal to the nature of motion and its laws. The 
great argument to which the friends of the hitter 
system naturally had recourse was the impossihiKty, 
as it seemed to them to be, of the swift motion of 
the earth being able to exist, without the percep- 
tion, nay, even without the destniction, of its inb- 
bitants. It was natural for the followers of Coper- 
nicus to reply, that it was not certain that these 
two things w^*e incompatible; that there were 
many cases in which it appeared, that the moddi 
common to a whole system of bodies did not aftd 
the motion of those bodies relatively to one an« 
other ; that the question must be more deeply in- 
quired into ; and that, without this, the evidence 
on opposite sides could not be fairiy and accurately 
compared. Thus it was, at a very fortunate mo- 
ment, that Galileo made his discoveries in Mecha* 
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nicfl^ as they were rendered more interestii]^ by 
those which, at that very time, he himself was 
making in Astronomy. Hie system of Copernicus 
had, in this manner, an influence on the theory of 
motion, and, of course, on all the p^ts of naj;ural 
philosophy. The inertia of matter, or, the ten- 
dieDcy of body, when put in motion, to preserve the 
quantity and direction of that motion, after the 
cause which impressed it has ceased to itct, i^ a 
pinciple which might still have be^i unknown, if 
it lull not been forced upon us by the discovery, of 
the motion of the earth. 

The. first addition which was made to the me- 
chanical discoveries of Galileo was by Torricelli, in 
a treatise De Motu Gravium naturaliter descen^ 
deniium et prqjeciortm. ^ To this ingenious mrai 
we are mdebted for the discovery of a r^maikab|e 
pnperty of the centre of gravity, and a general 
principle with respect to the equilibrium of bodies. 
It is this : If there be any number of heavy bodies 
connected together, and so circumstanced, that by 
their motion their centre of gravity can neither 
ascend nor descend, these bodies will remain at 
rest. This proposition often furnishes the means 
of resolving v^ry difficult questions in mechanics^ 

Descartes, Whose name is so great in philosophy 
and mathematics, has also a place in the history of 

* Vitse Italormn Ulustrium^ Vpl. I. p. 34i7. 
VOL. IT. K 
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mechanical discovery. With r^ard to the actiim 
of machines, he laid down the same principle wludi 
Galileo had established, — that an equal effort is ll^ 
cessary to give to a weight a certain velocityt as to 
give to double the weight the half of that velocity, 
and so on in proportion^ the eflfect being alwi^ 
measured by the weight multiplied into the veloci- 
ty which it receives. He could hardly be ignormt 
that this proposition had been already stated by 
Galileo, but he has made no mention of it* Hei 
indeed, always affected a disrespect for the reason- 
ings and opinions of the Italian philoso^ert whid 
has done him no credit in the eyes of posterity. 

The theory of motion, however, has in some 
points been considerably indebted to Descartei. 
Though the reasonings of Galileo certainly invdie 
the knowledge of the disposition which mattw his 
to preserve its condition either of rest or of reotili- 
neal and uniform motion, the first distinct enuncia- 
tion of this law is found in the writings of the 
French philosopher. It is, however^ there repre- 
sented) not as mere inactivity, or indifference, bnt 
as a real force, which bodies exert in order to pre- 
serve their state of rest or of motion, and this hm- 
curacy affects some of the reasonings concerning 
their action on one another. 

Descartes, however, argued very justly^ that all 

motion being naturally rectilineal, when a body 

moves in a curve, this must arise from some coH'* 



PHTSICAL SCIENCE. 1*7 

straintt or some force urging it in a direction dif- 
finneat from that of the first impulse, and that if 
this cause were removed at any time» the motion 
Would become rectih'neal, and would be in the di- 
rection of a tangent, to the curve at the point where 
the deflecting force ceased to act. 

Lastly, He taught that the quantity of motion in 
the universe remains always the same. 

The reasoning by which he supported the first 
anil second of these propositions is not very con- 
vindng, and though he might have appealed to ex- 
perience for the truth of both, it was not in the 
^irit of his philosophy to take that method of de- 
mmistrating its principles. His argument was, 
that motion is a state of body, and that body or 
matter cannot change its own state. This was his 
demonstration of the first proposition, from which 
die second followed necessarily. 

The evidence produced for the third, or the pre- 
servation of the same quantity of motion in the 
miiverse, is founded on the immutability of the 
Divine nature, and is an instance of the intolerable 
pr^umption which so often distinguished the rea- 
sonings of this philosopher. Though the immuta- 
bility of the Divine nature will readily be admitted, 
it remains to be shown, that the continuance of the 
same quantity of motion in the universe is a conse- 
quence of it. Tliis, indeed, cannot be shown, for 
that quantity, in the sense in which Descartes un- 
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dentood it, is ao far from being presenied unifiimit 
that it varies continually from one instant to an- 
otlier. It is nevertheless true, that the quantity 
of motion in the universe, when rightly estamated, 
is invariable, that is, when reduced to the direction 
of three axes at right angles to one another, and 
when opposite motions are supposed to have oppo- 
Ate signs. This is a truth now perfectly under- 
stood, and is a coroUary to the equality of action 
and reaction, in consequence of which, whatever 
motion is communicated in one direction, is ^ther 
lost in that direction, or generated in the opposite^ 
This, however, is quite different from the proposi- 
tion of Descartes, and if expressed in his language 
would assert, not that the sum, but that the differ- 
ence of the oj^site motions in the universe remaiiis 
constantly the same. When he proceeds, by hdp 
of the principle which he had thus mistaken, to de- 
termine the laws of the collision of bodies, hia con- 
clusions are almost all false, and have, indeed, sodi 
a want of consistency and analogy with one an- 
other, as ought, in the eyes of a mathematician, to 
have appeared the most decisive indications 4i 
error. How this escaped the penetration of • 
man well acquainted with the harmony of geo- 
metrical truths, and the gradual transitions by 
which they always pass into one another, is not 
easily explained, and, perhaps, of all his errors, is 

the least consistent with the powerful and systema^ 

11 
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tic genius which he is so weU known to have pos* 
sessed* 

Thus, the oUigation which the theory of moticm 
has to this philosopher, consists in his having pdnt- 
ed oat the natnre of centrifugal force, and ascribed 
that force to the true cause, the inertia of body, or 
its tendency to uniform and rectilineal motion. 

The laws which actually regulate the collision of 
bodies remained unknown till some years later, 
when they were recommended by the Royal So-* 
idety of Londcm to the particular attention of its 
members. Three papers soon appeared, in which 
these laws were all correctly laid down, though no 
one of the authors had any knowledge of the con- 
elusions obtained by the other two. The first of 
these was read to the Society, in November 1668, 
by Dr Wallis of Oxford ^ the next by Sir Chri- 
stopher Wren, in the month following, and the 
third by Huygens, in January 1669* The equa^ 
lity of action and reaction, and the maxim, that 
the same force communicates to different bodies 
velocities which are inversely as their masses, are 
the principles on which these investigations are 
founded. 

The ingenious and {Nrofound mathematician last 
mentioned is also the first who explained the true 
relation between the length of a pendulum, and the 
time of its least vibrations, and gave a rule by 
which the time of the irectilineal descent, through 
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a line^ equal in length to the pendnluiki^ 'might 
from thence be deduced. He next applied the 
pendulum to regulate the motion of a clocks laid 
gave an account of his construction, and the prin- 
ciples of it, in Ids Horotoghm Osdllatorium^ about 
the year I67O, though the date of the inwntiini 
goes as far back as 1656. ^ Lastly, He tang^ 
how to correct the imperfection of a pendttlom, by 
making it vibrate between cycloidal cheeks; in em^ 
sequence 'of which its vibrations, whether grcM c(r 
small, became, not approximately, but preci^ely^of 
equal duration. 

Robert Hooke, a very celebrated English me- 
chanician, laid claim to the same application of the 
pendulum to the clock, and the same use of theisjr- 
cloidal cheeks. There is, however, no dispute as 
to the priority oi Huygens' claim, the invention of 
Hooke being as late as 1670. Of the cydmdal 
cheeks, he is not likely to have been even: the ae- 
cond inventor. Experiment could hardly l^id any 
one to this discovery, and he was not sufficient^ 
skilled in the mathematics to have found it out 1^ 
mere reasoning. The fact is, that though very 
original and inventive, Hooke was jealous and illi- 
beral in the extreme ; he appropriated to himself 
the inventions of all the world, and accused all die 
world of appropriatmg his. 

• Montuda^ Tom. II. p. 4<18^ 2d edit 
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It has already been observed, that Galileo coiih 
cmved the application of the pendulum to the 
clock earlier, by several years, than blither of the 
periods just referred to. The invention did great 
honour to him and to his two rivals; but that 
which argues the most profoimd thinker, and the 
most skilful mathematician of the three, is the dis- 
covery of the ^relation between the length of the 
pendulum and the time of its vibration, and this 
discovery bdbngs exclusively to Huygens. The 
method which he followed in his investigaticm, 
availing himself of the properties of the cycloid^ 
4;hough it be circuitous, is ingenious, and highly in* 
«tructive. 

An invention, in which Hooke has certainly the 
l^riority to any one, is the application of a spiral 
jspring to r^ulate the balance of a watch. It is 
"^ell known of what practical utility this invention 
lias been found, and how much it has contributed 
^ the solution of the problem of finding the longi- 
^ude at sea, to which not only he, but Galileo and 
Huygens, appear all to have had an eye. 

In what respects the theory of n^otion, Huygens 

lias still another strong claim to our notice. This 

raises from his solution of the problem of finding 

the centre of oscillation of a compound pendulum^ 

or the lengtk of the simple pendulum vibrating in 

the same time with it. Without the solution of 

this problem, the conclusions respecting the pen^ 
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dnlum were inapplicable to the ocmatruction of 
clocks, in which the pendulums used are of neoetii* 
t^f compoundi The iH*oblem was by no means easy, 
alid Huygens was obliged to introduce a principle 
which had not before been reo^nised, tlwt if th^ 
compound pendulum^ after descending 'to its low- 
est point, was to be separated into particles distinct 
and unconnected with one another, and each left 
at liberty to continue its own yibration, the com* 
mon centre of gravity of all those detached we^hts 
would ascend to the same height to which it would 
have ascended had they continued to constitute one 
body. The above principle led him to the true so- 
lution, and his investigation, thougn less satisfacto- 
ry than thos^ wliich have been since given, does 
great credit to his ingenuity. This was the most 
difficult mechanical inquiry which preceded the in- 
vention of the differential or fluxionary calculus. 



2. Hydrostatics. 

While the theory of motion, as applied to solids, 
was thus extended, in what related to fluids, it was 
making equal progress. The laws which deter- 
mine the weight of bodies immersed in fluids, and 
also the position of bodies floating on them, had 
been discovered by Archimedes, and were farther 
illustrated by Galileo. It had also been discover- 
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ed l^ Stevinius, that the pressure of fluids is in 
proportion to their depth, and thus the two lead- 
ing principles of hydrostatics were estaUished. 
Hydraulics^ or the motion of fluids, was a matter 
of more difficulty, and here the first step is to be 
ascribed to Torricelli, who, thou^ younger than 
Galileo, was for some time his contemporaiy. He 
proved that water issues from a hole in the side or 
bottom of a vessel, with the velocity which a body 
would acquire, by falling from the level of the sur- 
face to the level of the orifice. This proposition, 
now so well known as the basis of the whole doc- 
trine of Hydraulics, was first published by'Torri- 
celli at the end of his book, De Motu Gravium et 
Prqjectorum ; but it is not the greatest discovery 
which science owes to the friend and disciple of 
Galileo. The latter had failed in assigning the 
reason why water cannot be raised in pumps higher 
than thirty-three feet, but he had remarked, that if 
. pump is more than thirtythree feet in length, . 
vacuum will be left in it. Torricelli, reflecting on 
this, conceived, that if a heavier fluid than water 
were used, a vacuum might be produced, in a way 
far shorter, and more compendious. He tried mer- 
cury, therefore, and made use of a glass tube about 
three feet long, open at one end,^ and close at the 
other, where it terminated in a globe. He filled 
this tube, shut it with his finger, and inverted it 
in a basin of mercury. The result is well known ; 
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-—he found that a column of mercury was suspend- 
ed in the tube, an effect which he immediately 
ascribed to the pressure of the atmosphere. So 
disinterested was this philosopher, however, that he 
is said to have lamented that Galileo, when ioquiiv 
ing into the cause why water does not ascend in 
pumps above a certain height, had not discovared 
the true cause of the phenomenon. The generosi- 
ty of Torricelli was perhaps rarer than his genins ; 
— ^there are more who might have discovered the 
suspension of mercury in the barometer, than who 
would have been willing to part with the honour of 
the discovery to a master or a friend. 

This experiment opened the door to a multitude 
of new discoveries, and demolished a formidabk 
idol, the honror of a vacuum, to which so much 
power had been long attributed, and before which 
even Galileo himself had condescended to bow. 

The objections which were made to the expla- 
nation of the suspension of the mercury in the tube 
of the barometer, were overthrown by carrying that 
instrument to the top of Puy de Dome, an experi- 
ment suggested by Pascal. The descent of the 
mercury showed, that the pressure which supported 
it was less there than at the bottom ; and it was 
afterwards found, that the fall of the mercury cor- 
responded exactly to the diminution of the length 
of the pressing column, so that it afforded a mea- 
sure of that diminution, and, consequently, of the 
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heights €f mountains. The invention of the air- 
pump by Otto Guericke, but^omaster of Magde- 
burg^ quickly followed that of the barometer by 
Torrieelli, though it does not appear that the in- 
Temtion of the Italian philosopher was known to 
the Grerman. In order to obtain a space entirely 
Toid of air, Otto Guericke filled a barrel with wa» 
ter, and having closed it exactly on* all sides, b^aii 
to draw out the water by a sucking-pump applied to 
the Icf^T part of the vessel. He had proceeded but 
a very little way, when the air burst into the barrel 
with a loud noise, and its weight was proved by the 
failure of the experiment, as effectually as it could 
have been by its success. After some other trials, 
whidi also failed^ he thought of employing a sphere 
of glass, when the experiment succeeded, and a va** 
cuum was obtained. This was about the year 1654. 

The elasticity of the air, as well as its weight, 
now became known j its necessity to combustion, 
and the absorption of a certain proportion of it, 
during that process ; its necessity for conveying 
sound ; — all these things were clearly demonstrated. 
The necessity of air to the respiration of animala 
required no proof from experiment, but the sudden 
extinction of life, by immersion in a vacuum, was a 
new illustration of the fact. 

The first considerable improvements made on 
the air-pump are due to Mr Boyle. He substitut- 
ed to the glass globe of Otto Guericke a receiver of 



^ 
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a more commodious form, and conrtmcted his pimip 
80 as t6 be worked with much more fiidlity. His 
experiments were farther extended,— they placed 
the weight and eksticity of the air in a Yariety of 
new lights,-— they made known the power of air to 
dissolve water, &c. Boyle had great skill in eon^ 
triving, and great dexterity in performing experi- 
ments. He had, indeed, very early iqpplied hinu 
self to the prosecution of experimental science^ and 
was one of the members of the smaU but distinguish, 
ed body, who, during the civa wars, held private 
meetings for cultivating natural knowledge, oa the 
plan of Bacon. They met first in London, as ear- 
ly as 1645, afterwards at Oxford, taking the name 
of the Philosophic College. Of them, when Charies 
the Second ascended the throne, was formed the 
Royal Society of London, incorporated by letters 
patent in 1662. No one was more useful than 
Boyle in communicating activity and vigour to the 
new institution. A real lover of knowledge, he was 
most zealous in the pursuit of it ; and havii^ thi^ 
roughly imbibed the spirit of Bacon, was an avow- 
ed enemy to the philosophy of Aristotle. 
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Section IV. 
ASTRONOMY. 

!• Ancient Astronomy. 

It has already been remarked, that the ancients 
made more considerable advances in astronomy than 
in almost any other of the physical sciences. They 
iqiplied themselves diligently to observe the heavens, 
and employed mathematical reasoning to connect to- 
gether the insulated facts, which are the only objects 
of direct observation. The astronomer discovers 
liothing by help of his instruments, but that, at a 
given instant, a certain luminous point has a parti- 
cular position in the heavens. The application of 
mathematics, and particularly of spherical trigono- 
metry, enables him to trace out the precise tract of 
this luminous spot ; to discover the rate of its mo- 
tion, whether varied or uniform, and thus to re- 
solve the first great problem which the science of 
astronomy involves, viz. to express the positions of 
the heavenly bodies, relatively to a given plane inT 
functions of the time. The problem thus generally 
enunciated,. comprehends all that is usually called 
by the name of descriptive or mathematical astro- 
nomy. 
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The explanation of the celestial motions^ which 
naturally occurred to those who began the study of 
the heavens, was, that the stars are so many lumi- 
nous points fixed in the surface of a sphere, having 
the earth in its centre, and revolving on an axis 
passing through that centre in the space of twenty- 
four hours*. When it was observed that all the 
stars did not partake of this diurnal motion in the 
same degree, but that some were carried slowly to-^ 
wards the east, and that their paths estimated in 
that direction, after certain intervals of tim^ re- 
turned into themselves, it was believed that they 
were fixed in the. surfaces of spheres, which revolved 
westward, more slowly than the sphere of the fixed 
stars. These spheres must be transparent, or made 
of some crystalline substance, and hence the name 
of the crystalline spheres, by which they were dis- 
tinguished. This system, though it grew more 
complicated in proportion to the number and varie- 
ty of the phenomena observed, was the system of 
Aristotle and Eudoxus, and, with\t few exceptions, 
of all the philosophers of antiquity. 

But when the business of observation came to be 
regularly pursued ; when Timocharis and Aristil-^ 
lus, and their successors in the Alexandrian school, 
began to study the phenomena of the heavens, lit- 
tle was said of these orbs ; and astronomers seemed 
only desirous of ascertaining the laws or the general 
facts concerning the planetary motions. 



PHYSICAL SCIENCE. 159 

To do thisy however, without the introduction of 
hypothesis, was certainly difficult, and probably was 
then impossible. The simplest and most natuml 
hypothesis was, that the Janets moved eastward in 
circles, and at a uniform rate. But when it was 
found that, instead cf moving uniformly to the east- 
ward, 9very one of them was subject to great irre- 
gularity, the motion eastward becqming at ceitain 
periods slower, and at length vanishing altogether, 
so that the planet became stationary, and afterwards 
acquiring a motion in the contrary direction, pro- 
ceeded for a time toward the west, it was far from 
obvious how all these appearances fould be recon- 
ciled with the idea of a uniform circular motion. 

The solution of this difficulty is ascribed to Apol-* 
lonius Fergaeus, one of the greatest geometers of 
antiquity. He conceived that, in the circumfer- 
ence of a circle, having the earth for its centre, 
there moved the centre of another circle, in the 
circumference of which the planet actually revolv- 
ed. The first o^jjiJiese circles was called the defer- 
ent, and the second the epicycle, and the motion 
in the circumference of each was supposed uniform. 
Lastly, it was conceived that the motion of the cei|- 
tre of the epicycle in the circumference of the de- 
ferent, and of the planet in that of the epicycle, 
were in opposite directions, the first being towards 
the east, and the second towards the west. In this 
way, the alterations from progressive to retrograde. 
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with the intermediate stationary points, were readily 
explained, and Apollonius carried his investigation 
so far as to determine the ratio between the radios 
of the deferent, and that of the epicyde, from know- 
ing the stations and retrogradations of any partiai- 
lar planet. 

An object, which was then considered as of 
great importance to astronomy, was thus Bccaatr 
plished, viz. the production of a variable motion, or 
one which was continually changing both its rate 
and its direction from two uniform circukr motions, 
each of which preserved always the same quantity 
and the same direction. 

It was not long before another application was 
made of the method of epicycles. Hipparchus, 
the greatest astronomer of antiquity, and one of the 
inventors in science most justly entitled to admira- 
tion, discovered the inequality of the sun's apparent 
motion round the earth. To explain or to express 
this irregularity, the same observer imagined an 
epicycle of a small radius with its centre moving 
uniformly in the circumference of a laige circle^ of 
which the earth was the centre, while the sun re- 
volved in the circumference of the small circle with 
the same angular velocity as this last, but in a con- 
trary direction. 

As other irregularities in the motions of. the 
moon and of the planets were observed, other bi- 
cycles were introduced, and Ptolemy, in his Alma* 
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gest^ enumerated all which then appeared neoes- 
sarff and assigned to them snch dimensions as ena- 
bled them to express the phenomena with accuracy. 
It is not to be denied that the system of the 
heavens became in this way extremely complicated ; 
though^ when fiuily examined, it will aj^iear to be 
a work of greM; ingenuity and research. The an- 
cients^ indeed) may be regarded as very fortunate 
in the ccmtrivance of epicycles, because, by means 
of them> every inequality which can exist in the an- 
gular motion of a planet may be at least nearly re- 
presented. This I call fortunate, because, at the 
time when Apollonius introduced the epicycle, he 
had no idea of the extent to which his contrivance 
would go, as he could have none of the conclusions 
which the author o£. the. Mecanipce Cileste was to 
deduce from theprinci^ex)f gravitation* 

The same contrivance had another great advan- 
tage ; it subjected the. motions of the sun, the 
moon, and the planets, very readily to a geometri- 
cal construction,; or an arithmetical calculation, nei- 
ther of them difBcult. By this means the predic- 
tion of astronomicid phenomena, the calculation of 
tables, and the cotnparison of those tables with ob- 
servation, became matters of great £u;ility, on which 
facility^ ia « great measure, llie progress of the 
science depexided. It was on these circumstances, 
much more than on . the simplicity with which it 
amused or deceived the imagination, that the po- 

VOL. II. L 
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pulaiity of this theory was founded ; the ascendant 
which it gained over the minds of aatronomen, 
and the resistance which, in spite of facts and ob- 
jservations, it was so long able to make to the true 
system of the world. 

It does not appear that the ancient astronomen 
ever considered the epicycles and deferents whkh 
they employed in their system as having a physical 
existence, or as serving to explain the causes of the 
celestial motions. They seem to have considered 
them merely as mathematical diagrams, serving to 
express or to represent those motions as geometri- 
cal expressions of certain general facts» which 
readily furnished the rules of astronomical calcuhh 
tion. 

The language in which Ptolemy speaks of the 
epicycles is not a little curious, and very conforma- 
ble to the notion, that he considered them as mere- 
ly the means of expressmg a general law. After 
laying down the hypothesis of certain epicycles, 
and their dimensions, it is usual with him to add, 
<< these suppositions will swoe the phenomena.'' 
Save is the literal translation of the Greek word, 
which is always a part of the verb 2w^«v, or some 
of its compounds. Thus, in treating of certain 
phenomena in the moon's motion, he lays down two 
hypotheses, by either of which they may be expres- 
sed ; and he concludes, ** In this way the similitude 
of the ratios, and the proportionality of the times, 
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vnll be saved (S'lcuroi^oivro) on both malpositions.'* • 
It is plain, from these words> that the astronomer 
did not here consider himself as describing any 
thing which actually existed^ but as e^laining two 
artifices, by either of which, certain irregularitie3 
in the moon's motion may be represented, in con- 
sistence with the principle of uniform velocity. The 
hypothesis does not relate to the explanation, but 
merely to the expression of the fact ; it is first as- 
sumed, and its merit is then judged of synthetical- 
ly, by its power to save, to reconcile, or to repre- 

* Mathemalka Sjntaxis^ Lib. IV. p. 223 of the Paris edi- 
tion.*— —MSton^ the ext^t and .accuracy of whose erudition 
can never be too much admired^ had probably in view this- 
phraseology of Ptolemy, when he wrote the following 

lines :-— 

— '• He his fabric of the Heavens 

flsth left to their disputes, perhaps to more 

His Uiughter at their guaint opinions wide 

Hereafter, when they come to model Heaven 

And calculate the stars, how they will wield 

The mighty frame, how build« unbuild, contrive 

To ueoe apptairanee*^ how gird the sphere 

With centrick and eccentrick scribbled o*er, 

Cyde and epicyde, orb in orb.** 

T3ie obsolete verb to salve is employed by Bacon, and 
many other of the old English writers in the same sense 
with 2«^«v in the work of Ptolemy here referred to. " The 
schoolmen were like the astronomers, who, to salve pheno- 
mena, firamed to their conceit eccentricks and epicycles; so 
they, to salve the practice of the church, had devised a great 
number of straiige positions." — Bacon. 
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sent appearances. At a time when the mathema- 
tical sciences extended little b^ond the elementSi 
and when problems which could not be resolved by 
circles and straight lines, could hardly be resolved 
at all, such artifices as the preceding were of the 
greatest value. They were even more valuable 
than the truth itself Would have been in mich guv 
cumstances ; and nothing is more certain than that 
the real elliptical orbits of the planets, and the Wtar 
form description of areas, would have been very un- 
seasonable discoveries at the period we are now 
treating of. The hypotheses of epicycles, and of 
centres of uniform motion, were well accommodat- 
ed to the state of science, and are instances of a 
false system which has materially contributed to the 
establishment of truth. 



2. Copernicus and Tycho. 

On the revival of learning in Europe, astrono- 
my was the first of the sciences which was regene- 
rated. Such, indeed, is the beauty and usefulness 
of this branch of knowledge, that, in the thickest 
darkness of the middle ages, the study of it ^ 
never entirely abandoned. In those times of ig- 
norance, it also derived additional credit from the 
assistance which it seemed to give to an imaginary 
and illusive science. Astrology, which has exer* 
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cised 90 durable and extensive a dominion over 
the human mind, is coeval with the first observa* 
tions of astronomy^ In the: middle ^es, remarks 
ible for the mixturq of a few fragments of know-r 
le^e and tritth in a vast mass of; ignorance ? and 
error, it was assiduously cultivated, and, in cooh 
juncticm with alchemy and magic, shared the fa- 
vour of the peoples and the patronage of the great. 
Pwing the thirteenth and fourteenth centuries, it 
was taugbt in the universities of Italy, and profes** 
sors were appointed, at Padua and Bologna, to in-^ 
struct theijT pupils in the influence iX)f the stars. 
Everywhere through Europe the greatest respect 
was shown for this system of imposture, and they 
who saw ihe deceit most clearly, could not always 
avoid the disgrac^ of being the instruments of it« 
Astronomy, however, profited by the illusion, and 
was protected tar the great assistance whiohv it 
seemed to affinrd to a science more important thaii 

itself. ■..:'■::■ . "' 

Of those who cultivated astronomy^ many were 
infected by this weakness, though some were com** 
pletely superior to it. Alphonso, the Kmg of 
Castile, was among the latter. He flourished 
about the . middle of the thirteenth century, and 
was remarkable. £br such freedom of thought^ and 
such boldnei^ of language, as it required his royal 
dignity to. protect. He ^pliied himself dihgently 
to the study of astronomy ; he perceived the inaccu- 
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racy of I'toleray's tables, and endeavoured to cor- 
rect their errors by new tables of his own. These, ^ 
in the course of the nest age, were found to have 
receded from the heavens, and it became more and 
more evident that astronomers had not yet dis- 
covered the secret of the celestial motions. 

Two of the men who, in the fifteenth century, 
contributed the most to the advancement of astro- 
nomical science, Furbach and Regiomontanus, 
were distinguished also foi' their general know- 
ledge of the mathematics. Purbach was fixed at 
Vienna by the patronage of the Emperor Frede- 
rick the Third, and devoted himself to astronomi- 
cal observation. He published a new edition of 
the Almagest, and, though he neitlier understood 
Greek nor Arabic, his knowledge of the sutgeet 
enabled him to make it much more perfect than 
any of the former translations. He is said to have 
been the first who applied the plummet to astrono- 
mical instruments; but this must not be under- 
stood strictly, for some of Ptolemy's instruments, 
the parallactic for instance, were placed perp^idi- 
cularly by the plumb line. 

Regiomontanus was the disciple of Purbach, and 
is still more celebrated than his master. He was 
a man of great learning and genius, most ardent 
for the advancement of knowledge, and particular- 
ly devoted to astronomy. To him we owe the in- 
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troduction of decimal fractions, which completed 
our arithmetical notation, and formed the second 
of the three steps by which, in modem times, the 
science of numbers has been so greatly improv- 
ed. 

In the list of distinguished astronomers, the 
name of Copernicus comes ne&t, and stands at the 
head of those men, who, bursting the fetters of 
prejudice and authority, have established truth on 
the basis of experience and observation. He was 
bom at Thorn in Prassia, in 1473 ; he studied at 
the university of Cracow, being intended at first 
for a physician, though he afterwards entered into 
the church. A decided taste for astronomy led 
him early to the study of the science in which he 
was destined to make such an entire revolution, 
and as soon as he found himself fixed and indepen- 
dent, he became a diligent and careful observer. 

It would be in the highest degree interesting to 
know by what steps he was led to conceive the 
bold system which removes the earth from the 
centre of the world, and ascribes to it a twofold 
motion. It is probable that the complication of so 
many epicycles and deferents as were necessary, 
merely to express the laws of the planetary mo- 
tions, had induced him to think of all the possible 
suppositions which could be employed for the same 
purpose, in order to discover which of them was 
the simplest. 
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It appears estrswrdinary, that so natural a 
thought should have occun-etl, at so late a period, 
for the first, or nearly for the first time. We are 
assured, by Copernicus himself, that one of the 
first Considerations which offered itself to his mind, 
was the effect produced by the motion of a specta- 
tor, in transferring that motion to the objects ob- 
seiTed, but ascribing to it an opposite direction. * 
From this principle it immediately followed, that 
the rotation of the earth on an axis, from west to 
east, would produce the apparent motion of the 
heavens in the direction from east to west. 

In considering some of the objections which 
nn'ght be made to the system of the earth's mo- 
tion, Copernicus reasons with great soundness, 
though he is not aware of the full force of his own 
argument, Ptolemy had alleged, that, if the earth 
were to revolve on its axis, the violence of the mo- 
tion would be sufficient to tear it in pieces, and to 
dissipate the parts. This argument, it is evident, 
proceeds on a confused notion of a centrifugal 
force, the effect of which the Egyptian astronomer 
ovefrated, as much as he undervalued the firmness 
and solidity of the earth. Why, says Copernicus, 
was he not more alarmed for the safety of the 
heavens, if the diurnal revolution be ascribed to 
them, as their motion must be more rapid, in pro- 

• Astvoiioniiii Instaurata, Lib. I. cap. 5. 
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« 

portiQn as their magnitude is greater ? The argu- 
ment here su^ested, now that we know how to 
measure centrifugal force, and to compare it with 
others, carries demonstrative evidence with it, be- 
cause that force, if the diurnal revolution were 
really performed by the heavens, would be such, as 
the forces which hold together the frame of the 
material world would be wholly unaUe to resist. 

There are, however, in the reasonings of Co- 
pernicus, some unsound parts, which show, that 
the power of ; his genius was not able to dispel all 
the clouds which in that age hung over the human 
mind, and that the unfounded distinctions of the 
Aristotelian physics sometimes afforded arguments 
equally fallacious to him and to his adversaries. 
One of his most remarkable physical mistakes was 
his misconception with respect to the parallelism of 
the earth's axis ; to account for which, he thought 
it necessary to-^ assume, in addition to the earth's 
rotation on an axis, and revolution round the sun, 
the existence of a third motion altogether distinct 
from either of the others. In this he was mista-* 
ken ; the axis naturally retains its parallelism, and 
it would require the action of a force to make it do 
otherwise. This; as Xepler afterwards remarked, 
is a consequence of the inertia of matter ; and for 
that reason, he very justly accused Copernicus of 
not being fully acquainted with his own riches. 

The first edition of the Astronomia Instaurata, 
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the publication of which was solicited by Cardinal 
Schoenberg, and the book itself dedicated to the 
Pope, appeared in 1543, a few days before the 
death of the author. * Throughout the whole 
book, the new doctrine was advanced with great 
caution, as if from a presentiment of the opposition 
and injustice which it was one day to experience. 
At first, however, the system attracted little notice, 
and was rejected by the greater part even of astro- 
nomers. It lay fermenting in secret with other 
new discoveries for nnore than fifty years, till, by 
the exertions of Galileo, it was kindled into so 
bright a flame as to consume the philosophy of A- 
ristotle, to alarm the hierarchy of Rome, and to 
threaten the existence of every opinion not found- 
ed on experience and observation. 

After Copernicus, Tycho Brahe was the moi^ 
distinguished astronomer of the sixteenth century. 
An eclipse of the sun which he witnessed in 1560, 
when he was yet a very young man, by the exact- 
ness with which it answered to the prediction, im- 
pressed him with the greatest reverence for a sci- 
ence which could see so far and so distinctly into 
the future, and from that moment he was seized 
with the strongest desire of becoming acquainted 

• The firat edition here alluded to bore the title of De Re~ 
volutiottibus Orbium Celestium, Libri VI. See Biographie 
Uiiiverselle, Art. Copemicua. — E. 
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with it. Here, indeed, was called into action a 
propensity nearly allied both to the strength and 
the weakness of the mind of this extraordinary man, 
the satne that attached him, on one hand, to the 
calculations of astronomy, and, on the other, to the 
predictions of judicial astrology. 

In yielding himself up, however, to his love of 
astronomy, he found that he had several difficulties 
to overcome. He belonged to a class in society 
elevated, in the opinion of that age, above the pur- 
suit of knowledge, and jealous of the privilege of 
remaining ignorimt with impunity. Tycho was of 
a noble family in Denmark, so that it required all 
the enthusiasm and firmness inspired by the love g£ 
knowledge, to set him above the prejudices of he* 
reditary rank, and the opposition of his relations* ~ 
He succeeded, however, in these objects, and also 
in obtaining the patronage of the King of Den- 
mark, by which he was enabled to erect an obser- 
vatory, and form an establishment in the island of 
Huena, such as had never" yet been dedicated to as- 
tronomy. The instruments were of far greater 
size» more skilfully contrived, and more nicely di- 
vided, than any that had yet been directed to the 
heavens. By means of them, Tycho could measure 
angles to ten seconds, which may be accounted sixty 
times the accuracy^ of the instruments of Ptolemy, 
or of any that had belonged to the school of Alex- 
andria. 
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Among the improvements which he made in the 
art of astronomical observation, was that of verify- 
ing the instruments, or determining their errors by 
actual observation, instead of trusting, as had been 
hitherto done, to the supposed infallibility of the 
original construction. 

One of the first objects to which the Danish as- 
tronomer applied himself was the formation of a 
new catalogue of the fixed stars. That which was 
begun by Hipparchus, and continued by Ptolemy, 
did not give the places of the stars with an accura- 
cy nearly equal to that which the new instruments 
were capable of reaching ; and it was bendes desi- 
rable to know whether the lapse of twelve centuries 
had produced any unforeseen changes in the hea- 
vens. - 

The great difficulty in the execution of this 
work arose from the want of a direct and easy me- 
thod of ascertaining the distance of one heavenly 
body due east or west of another. The distance 
north or south, either from one another or from a 
fixed plane, that of the equator, was easily deter- 
inined by the common method of meridian altitudes, 

I: equator being a plane which, for any given 

W'On the earth's sur&ce, retains always the same 

^^tiou* But no plane extending from north to 

W^hi or passing through the poles, retains a fixed 

Mdtioti with respect to an observer, and, therefore^ 
Me same way of measuring distances from such a 
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plane cannot be applied. The natural substitute 
is the measure of thne j the interval between the 
passage of two stars over the meridian, bearing the 
same proportion to twenty^^four hours, that the 
arch which measures their distance perpendicular 
to the meridian, or their difference of right ascen* 
fidon, does to fout right angles. 

An accurate measure of time, therefore, would 
iamswer the purpose, but such a measure no more 
existed in the ^eof Tycho^ than it had done in 
the days of Hipparchus or Ptolemy. These ancient 
astronomers deter)[nined the longitude of the fixed 
atar« by referring their places to those of the moon, 
the longitude of which^ for a given time, was known 
from the the<M7 of her motions. Thus they were 
forced to depend on the most irr^ular of all the 
bodies ki the heavens^ for ascertaining the positions 
of the most fixed, those which ought to have been 
the basis of the fbrm^, and of so many other deter- 
minations. Tycho made use of the planet Venus 
instead of the moon, and his method, though more 
tedious, was more accurate than that of the Greek 
astronomers. His catalogue contained the places 
of 777 fixed stars. 

The irregularities of the moon^s motions were 
his next subjects of inquiry. The ancients had 
discovered the inequality of that planet depending 
on the eccentricity of the orbit, the same which 
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is now called the equation of the centre. * Ptole- 
my had added the knowledge of another inequality 
in the moon's motion, to which the name of the 
evection has been given, amounting to an increase 
of the former equation at the quarters, and a dimi- 
nution of it at the times of new and full moon. 
Tycho discovered another inequality, which is 
greatest at the octants, and depends on the differ- 
ence between the longitude of the moon and that 
of the sun. A fourth irregularity to which the 
moon's motion is subject, depending wholly on the 
sun's place, was known to Tycho, but included 
among the sun's equations. Besides, the^e obser- 
vations made him acquainted with the changes in 
the inclination of the plane of the moon's orbit.) 
and, lastly, with the iiTcgular motion of the nodes, 
which, instead of being always retrograde at the 
same rate, are subject to change that rate, and even 
to become progressive according to their situation 
in respect of the sun. These are the only inequa- 
lities of the moon's motion known before the theo- 
ry of Gravitation, and, except the two first, are all 
the discoveries of Tycho. 

The atmospherical refraction, by which the hea- 
venly bodies are made to appear more elevated 

* The allowance made for any such inequality, when the 
place of a planet is to be computed for a given time, is call- 
ed an equation in the language of astronomy. 
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above the horizon than they really are, was sus- 
pected before the time of this astronomer, bat not 
known with certainty to exist. He first became 
acquainted with it by finding that the latitude of 
his observatory, as determined from observations 
at the solstices, and from observations of the great- 
est and least altitudes of the circumpolar stars, al- 
ways differed about four minutes. The effect of 
refraction he supposed to be 84^ at the horizon, 
and to diminish from thence upward, till at 45^ it 
ceased altogether. This last supposition is erro- 
neous, but at 4f5^ the refraction is less than 1^, and - 
probably was not sensible in the altitudes measured 
with his instruments^ or not distinguishable from 
the errors of observation. An instrument which 
he contrived on purpose to make the refraction 
distinctly visible, shows the scale on which his ob- 
servatory was furnished. It was an equatorial 
circle of ten feet diameter, turning on an axis pa- 
rallel to that of the earth. With the sights of 
this equatorial he followed the sun on the day of 
the summer solstice, and found, that, as it de- 
scended towards the horizon, it rose above the 
plane of the instrument. At its setting, the sun 
was raised above the horizon by more than its own 
diameter. 

The comet of 1570 was carefully observed by 
Tycho, and gave rise to a new theory of those bo- 
dies. He found the horizontal parallax to be 2(/, 
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80 that the comet was nearly three times as far off 
as the moon* He considered comets^ therefore, as 
bodies placed £ir beyond the reach of our atmo- 
sphere, and moving round the sun* This was a 
severe blow to the physics of Aristotle, which re* 
garded comets as meteors generated in the atano- 
sphere. His observation of the new star in 157^ 
was no less hostile to the argument of the same 
philosopher, which maintained, that the heavens 
are a region in which there is neither generation 
nor corruption, and in which existence has neither 
a beginning nor an end. 

Yet Tycho, with this knowledge of astronomy, 
and after having made observations more numerous 
and accurate than all the astronomers who went 
before him, continued to reject the system of Co* 
pemicus, and to deny the motion of the earth* 
He was, however, convinced that the earth i»iiot 
the centre about which the planets revolve, for he 
had himself observed Mars, when in opposition, to 
be nearer to the earth than the earth was to the 
sun, so that, if the pl^iets were ranged as in the 
Ftolemdc system, the orbit of Mars must have 
been within the orbit of the sun. He therefore 
imagined the system still known by his name, ac# 
cording to which the sun moves round the earth, 
and is at the same time the centre of the planetary 
motions. It cannot be denied, that the phenome- 
na purely astronomical may be accounted for on 
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this hypothesisi and that the objections to it are ra- 
Aer derived from physical and mechanical consi. 
derations than from the appearances themselves. 
It is simpler than the Ptolemaic system^ and, free 
£x)ih its inconsistencies; but it is more complex 
than the Copernican, and, in no respect, aflbrds a 
better explanation of the phenomena. The true 
place ef the Tychonic system is between the two 
former ; an advance beyond the one, and a step 
ishort of the other ; and such, if the progress of 
discovery were always perfectly regular, is the 
place which it would have occupied in the history 
pf the science^ If Tycho had liyed befpre Co>- 
pemicus, his system wwld have been a step in the 
advancement of knowledge ; coming after him, it 
.was a $^p backward. 

It is not to his credit as a philosopher to have 
made this retrograde movement, yet he is not altOr 
gether without apology. The physical jai^uments 
in favour of the Copernican system, founded on 
the incongruity of supposing the greater body to 
move round the smaller, might not be supposed to 
have much weight, in ^an age when the equality of 
action and reaction was unknown, and when it was 
not clearly understood that the sun and the planets 
act at all on one another. The iu*guments, which 
seem, in the judgment of Tycho, to have balanced 
the simplicity pf the CopernicaQ system, were 
founded on certain texts of Scripture, and on the 

VOL. II. M 
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difficulty of reconciling the motion of the earth 
with the sensations which ^e experience at its tur- 
&ce» or the phenoinena which we observe^ the 
same, in all respects, as if the earth were at rest 
The experiments and reasonings of Galileo had not 
yet instructed men in the inertia of matter, or in 
the composition of motion ; and the followers of 
Copernicus reasoned 011 principles which they hdd 
in common with their adversaries. A ball, it m^ 
said by the latter, dropt from ' the mast-head of a 
ship under sail, does not fall at the foot of the 
mast, but soinewhat behind it ; and, in the sanie 
manner, a stone dropt from a high tower would 
not fall, on the supposition of the earth^s miodoii, 
at the bottom of the tower, but to the west of it, 
the eaith, during its fall, having gone eastward 
from under it. The followers of Copernicus were 
not yet provided with the true answer to this ob- 
jection, viz. that the ball does actually fall at the 
bottom of the mast. It was admitted that it mqst 
fall behind it, because the ball was no part of the 
ship, and that the motion forward was not ns^ral, 
either to the ship or to the ball. The stone^ 
on the other hand, let fall from the top of the 
tower, was a part of the earth ; and, therefore, the 
diurnal and annual revolutions which were natu^ 
to the earth, were also natural to the stone j the 

stone woidd, therefore, retain the same motion 

1 
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with the tow^^ and strike iihe ground precisely at 
the bottom of it« 

. It must be confessed^ that neither of these lo- 
^cians had yet thoroughly awakened from the 
dreams of the Aristotelian metaphysics, but men 
were bow in possession of the truth, which was. 
finally to break the speU, md set the mind free 
from the fetters of prejudice and authority. Ano- 
ther cdi^arge, against which it is more difficult 
to defend Tycho, is his belief in the predictions of 
astrology. He even wrote a treatise in defence of 
this imaginary art, and regulated his conduct con- 
tinually by Its precepts. Credulity, so unworthy 
of a man deeply versed in real science, is certainly 
to be set down less to his own account than to 
that of the age in which he lived. 



3. Keplbb. and Galileo. 

Kepler followed Tycho, and in his hands astro- 
nomy undenvent a change only second to that 
which it had undergone in the hands of Coperni- 
cus. He was born in 1571* He early applied 
himself to study and observe the heavens, and was 
soon distinguished as an inventor. He began with 
taking a more accurate view of astronomical refrac- 
tion than had yet been done, and he appears to 
have been the first who conceived tliat there must 
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be a certain fixed law which detennined the quan- 
tity of it» corresponding to every altitude^ from the 
horizon to the zenith. The application of the 
principles of optics to astronomy, and the accurate 
distinction between the optical and real inequali- 
ties of the planets, are the work of the same astro- 
nomer. It was by the views thus presented that 
he was led to the method of constructing uid cal- 
culating eclipses, by means of projectionSy without 
taking into consideration the diurnal paralhuc 
These are valuable improvements, but they were, 
however, obscured by the greatness of his future 
discoveries. 

The planes of the orbits of the planets were na* 
turally, in the Ptolemaic system, supposed to pass 
through the earth, and the reformation of Coper* 
nicus did not go so far as to change the notions on 
that subject which had generally been adopted. 
Kepler observed that the orbits of the planets are 
in planes passing through the sun, and that, of con- 
sequence, the lines of their nodes all intersect in the 
centre of that luminary. This discovery contribute 
ed essentially to those which followed. 

The oppositions of the planets, or their places 
when they pass the meridian at midnight, offer the 
most favourable opportunities for observing them, 
both because they are at that time nearest to the 
earth, and because their places seen from thence are 
the same as if they were seen from the sun; The 
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true time of the opposition had, however, been till 
now mistaken by astronomers, who held it to be at 
the moment when the apparent place of the planet 
was opp(»ite to the mean place of the sun. It 
ought, however, to have been, when the appareat 
places of both were opposed to one another. This 
reformation was proposed by Kepler, and, though 
strenuously resisted by Tycho, was finally received. 

Having undertaken to examine the orbit of Mars, 
in which the irregularities are most considerable, 
Kepler discovered, by comparing together seven 
oppositions of that planet, that its orbit is elliptical ; 
that the sun is placed in one of the foci ; and that 
there is no point round which the angular motion 
is uniform. In the pursuit of this inquiry he found 
that : the same thing is true of the earth's orbit 
round the sun ; hence by analogy it was reasonable 
to think, that all the planetary orbits are elliptical, 
having the sun in their qommon focus. 

The industry and patience of Kepler, in this in- 
vestigation, w^e not less remarkable than his inge- 
nuity and invention. Logarithms were not yet 
known, iso that arithmetical computation, when 
pushed to great accuracy, was carried on at a vast 
expence of time and labour. In the calculation of 
every opposition of Mars, the work filled ten folio 
pages, and Kepler repeated each calculation ten 
times, so that the whole work for each opposition 
extended to one hundred such pages ; seven oppp- 
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sitions thus calculated produced a large folio yo- 
lume* 

In these calculations the introduction of hypothe- 
ses was unavoidable, iind Kepler's candour in reject- 
ing them, whenever they appeared erroneous, witli. 
out any other regret than for the time which thej 
had cost him, cannot be sufficiently admired. He 
began with hypothesis, and ended with rgecting 
every thing hypothetical. In this great astronomer 
we find genius, industry, and candour, all uniting 
together as instruments of investigation. 

Though the angular motion of the planet' was not 
found to be uniform, it was discovered that a very 
simple law connected that motion with the rectili- 
neal distance from the sun, the former being eveiy 
where inversely as the square of the latter ; and 
hence it was easy to prove, that the area described 
by the line drawn from the planet to the sun in- 
creased at a uniform rate, and, therefore, that any 
two such areas were proportional to the times in 
which they were described* The picture prewnt- 
ed of the heavens was thus, for the first time, clear- 
ed of every thing hypothetical. 

The same astronomer was perhaps the first person 
who conceived that there must be always a lawcapaUe 
of being expressed by arithmetic or geometry, which 
connects such phenomena as have a ph3^ic8l de- 
pendence on one another. His conviction of this 
truth, and the delight which he slppears to have ex- 
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perienced in the contemplation of such laws^ led 
him to seekf with, great eagerness^ for the relation 
between the periodical times of the planets, and 
tfaeiT distances from the 8un# He seems, indeed, 
to have looked towards this object with such earr 
nestness, that, while it was not attained, he regard- 
ed aU his other discoveries as incomplete^ He at 
last found, infinitely to his satis&ction, that in any 
twK) planets, the squares of the times of the revolu- ^ 
ttpn are as the cubes of their mean distances from 
the sup. This beautiful and simple law had a va- 
lue beyond what Kepler oould possibly conceive y 
yet s^jsort. of scientific instinct instructed him in its 
great importance. He has marked the year and 
the day^ wh^ it became known to him \ it was on 
the 8th of May l6l8;.and perhaps philosophers 
wiU agree that there ar6 few days in the scientific 
history of the wwld which deserve so well to be re- 
membered* 

These great discoveries, however, were not much 
attended to by the astronomers of that period, or by 
those who immediately followed* They were but 
little considered by . Gassendi,— they were under- 
valued by Eiccioli,^and were never mentioned by 
Descartes. It was an honour r^rved for Newton 
to estimate them at their true vidue. : . 
. Indeed, the discoveries of Kepler were at first so 
far from being duly appreciated, that they were ob- 
jected to, not for being false, but for offering to as- 
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tronomers, in the calculation of the place of a 
in its orbit, a problem too difficult to be resolved 
elementary geometry. To cut the area of a aemi- 
ellipsis in a given ratio by a line drawn through th< 
focus,- is the geometrical problem into which hi 
showed that the above inquiry ultimately resolved. 

As if he had been answerable for the proceedingi v 

of nature, the difficulty of this question was coi 
sidered as an argument against his theory, mad 

himself seems somewhat to have felt it as an objec ^ 

ti<m^ especially when he found that the best soh 
tion he cduld obtain- was no more than an approxi- 
mation. With all hid power of invention, Keplei 
was a mathematician inferior to maivy of that pe- 
nod ; and though he displayed great ability ia du 
management of this difficult investigation, his solu— > 
tion fell very far short of the simplicity which iw *t 
was af);erwards found capable of attaining. 

In addition to all this, he rendered another v< 
important service to the science of astronomy an< 
to the system of Copernicus^ Copernicus, it hat 
been already mentioned, had supposed that a 
was necessary to enable the earth to preserve thi 
parallelism of its axis during its revolution roum 
the sun. He imagined, therefore, that a third mo^ 
tion belonged to the earth, and that, besides turn- 
ing on its axis and revolving round the sun, it had^ 
another movement by which its axis was preserved, 
always equally inclined to the ecliptic. Kepler^ 
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was the first to observe that this third motion was 
quite superfluous, and that the parallelism of the 
earth's axis, in order to be preserved, required no- 
thing but the absence of all force, as it necessarily 
proceeded from the inertia of matter, and its ten-^ 
dency to persevere in a state of uniform motion^ 
Kepler had a clear idea of the inertia of body ; he 
was the first who employed the term ; and, con- . 
sidering all motion as naturally rectilineal, he con- 
cluded that when a body moves in a curve, it is 
dravni or forced out of the straight line by the ac* 
tion of some cause, not residing in itself. Thus he 
prepared the way for physical astronomy, and in 
these ideas he was earlier than Descartes. 

The discoveries of Kepler were secrets extorted 
from nature by the most profound and laborious 
research. The astronomical discoveries of Galileo^ 
more brilliant and imposing, were made at a far 
less expence of intellectual labour. By this it is 
not meant to say that Galileo did not possess, and 
did not exert intellectual powers of the very high>- 
est order, but it was less in his astronomical dis*- 
eoveries that he had occasion to exert them, than 
in those which concerned the theory of motion. 
The tdescope turned to the heavens for the first 
time, in the hands of a man far inferior to the Ita* 
lian philosopher, must have unfolded a series of 
wonders to astonish and delight the world. 

It was in the year 1609 that the news of a dis- 
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covery» made in HoUaDd* reached Galileo^ vis, 
that two glasses had been so combined, as greatly 
to magnify the objects seen through thenu More 
was not toldy and more was not necessary to awak- 
en a mind abundantly alive to all that interested 
the progress either of science or of art. Galileo 
applied himself to try various combinationa of lous- 
es, and he quickly fell on one which made objects 
appear greater than when seen by the naked eye^ 
in the proportion of three to one. He soon im- 
proved on this constiniction, and found one which 
magnified thirty-two times, nearly as much as the 
kind of telescope he used is capable of. That te> 
lescope was formed of two lenses y the lens next 
the object convex, the other concave ; the objects 
were presented upright, and magnified in their li- 
neal dimensions in the proportion just assigned* 

Having tried the efiect of this combination on 
terrestrial objects, he next directed it to the moon* 
What the telescope discovers on the ever-varying 
face of that luminary, is now well-known^ and 
needs not to be described; but the sensations 
which the view must have communicated to the 
philosopher who first beheld it, may be conceived 
more easily than expressed. To the immediate im- 
pression which they made upon the sense, tp .the 
wonder they excited in all who saw them, was ad- 
ded the proof, which, on reflection, they afforded, 
of the close resemblance between the earth and the 
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celestnl bodiest whose divine nature bad been so 
long and so erroneously contrasted with the pon- 
derous and opaque substance of our globe» The 
eartk and the planets were now proved to be bodies 
of the same kind^ and views were entertained <^ 
the. universe, more suitable to the simplicity, and 
the magnificence of nature. 

When the same philosopher directed his tele- 
scope to the fixed stars, if he was disappointed at 
findii^ their magnitudes not increased, he was. as- 
tonished alid delighted to find them multiplied in 
so great a degree, and such numbers brought into 
view, which were invisible to the naked eye/ .In 
Jupiter he perceived a large disk, approaching in 
me to the moon. Near it, as he saw it for. the 
first time, were three luminous points ranged in 
a straight line, two of them on one side of the pi&r 
net, and one on the other. This occasioned no 
surprise, for they might be small stars not visible 
to the naked eye, such as he had already discovered 
in great numbers. By observing them, however, 
night after night, he found these small stars to be 
four in number, and to be moons or satellites, ac- 
companying Jupiter, and revolving round him, as 
the moon revolves round the earth. 

The eclipses of these satellites, their conjunc- 
tions with the planet, their disappearance behind 
hns didk, their periodical revolutions, and the very 
problem of distinguishing them from one another. 
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offered, to an astronomer, a series of new and into- 
resting observations. 

In Saturn he saw one large disk, with two small- 
er ones very near it, and diametrically opposite, and 
always seen in the same places ; but more powerfU 
telescopes were required before these appearances 
could be interpreted. 

The homed figure of Venus, and the gibbosity 
of Mars, added to the evidence of the Copemican 
system, and verified the conjectures of its author, 
who had ventured to say, that, if the sense of si^ 
were sufficiently powerful, we should see Mercury 
and Venus exhibiting phases similar to those of tfie 
moon. 

The spots of the sun derived an interest firom 
their contrast with the luminous disk over which 
they seemed to pass. They were found to have 
such regular periods of return, as could be derived 
only from the motion of the disk itself; and thus 
the sun's revolution on his axis, and the time of 
that revolution, were clearly ascertained. 

This succession of noble discoveries, the most 
splendid, probably, which it ever fell to the lot of 
one individual to make, in a better age would have 
entitled its author to the admiration and gratitude 
of the whole scientific world, but was now viewed 
from several quarters with suspicion and jealousy. 
The ability and success with which Galileo had la- 
boured to overturn the doctrines of Aristotle and 
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the sehoolmen, as well as to establish the motion of 
the earth, and the immobility of the sun, had ex- 
cited many enemies. There are always great num- 
bers who, from habit, indolence, or fear, are the 
determined supporters of what is established, whe- 
ther in practice or in opinion. To these the con- 
stitution of the universities of Europe, so entirely 
subjected to the church, had added a numerous 
and learned phalanx, interested to preserve the old 
systems, and to resist all innovations which could 
endanger their authority or their repose. The 
church itself was roused to action, by reflecting 
that it had staked the infallibility of its judgments 
on the truth of the very opinions which were now 
in danger of being overthrown. Thus was form- 
ed a vast combination of men, not very scrupulous 
about the means which they used to annoy their ad- 
versaries; the power was entirely in their hands, 
and there was nothing but truth and reason to be 
opposed to it. 

The system of CopemicUs, however, while it re- 
mained obscure, and known only to astronomers, 
created no alarm in the church. It had even been 
ushered into the world at the solicitation of a car- 
dinal, and under the patronage of the Pope ; but 
when it became more popular, when the ability and 
acuteness of Galileo were enlisted on its side, the 
consequences became alarming ; and it was deter- 
mined to silence by force an adversary who could 
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nol be put down by argument. His dialogues con* 
tained a full exposition of the evidence of tbe 
earth's motion, and set forth the errors of the old, 
as well as the discoveries of the hew philosophy, 
with great force of reasoning, and with the charms 
of the most lively eloquence. They are written, 
indeed, with such singular felicity, that one reads 
them at the present day, when the truths omtahu 
ed in them are known and admitted, with all the 
delight of novelty, and feels one's self carried back 
to the period when the telescope was first directed 
to the heavens, and when the earth's motion^ with 
all its train of consequences, was proved for the 
first time. The author of such a work could not be 
forgiven. Galileo, accordingly, was twice brought 
before the Inquisition. The first time a council of 
seven cardinals pronounced a sentence which, for 
the sake of those disposed to believe that power 
can subdue truth^i ought never to be foi^otten; 
'^ That to maintain the sun to be immoveable^ and 
without local motion, in the centre of the world, is 
an absurd proposition, false in philosophy, heretical 
in religion, and contrary to the testimony of Scrip- 
tui*e. That it is equally absurd and false in philor 
sophy to assert that the earth is not immoveable in 
the centre of the world, and, considered theologi** 
cally, equally erroneous and heretical." 

These seven theologians might think themselves 
officially entitled to decide on what was heretical or 
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orthodox in iaitli^ but that they should determine 
what was true or false in phiIosophy> was an in- 
wleAt invasion of a territory into which they had 
no' right to toter, and is a proof how ready men are 
to supposp diemselves ms^ merely because they 
happen to be' powerful. At this time i| promise 
WSs fSKtoirted'from Galileo, that he would not teach 
the doctrine of the earth's motion, either by speak- 
ing or by writing. To this promise he dfd not 
conform. His third dialogue, published, though 
not till long afterwards, contained such a full dis- 
play of the beauty ^nd simplicity of the new sys- 
tenii and such ah exposure of the inconsistencies of 
Ptolemy and Tycho, as completed the triumph of 
Copernicus. 

In the year iGiQSy Galileo, now seventy years 
o3d, being brought before the Inquisition, was forc« 
cd sdjemnly to disavow his belief In the earth's mo- 
tion ; and condemned to perpetual imprisonment^ 
though the sentence was afterwards mitigated, and 
he was allowed to return to Florence. * The Court 
of Rome was Very careful to publish this second re* 
cantation' all over Europe, thinking, no doubt, that 

* He was thrown into prison previoosly to his trials and 
attempts were made to render him obnoxious to the people. 
From the text of a priest who preached against him^ we may 
judge of the wit and the sense with which this persecution 
was conducted. Viri Galilcei quid stalls in ccelutn suspicien^ 
tes? 
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it "Was administering a complete antidote to ihe be- 
lief of the Copernican system. The sentence, in- 
deed, appears to have pressed very heavily on Gali- 
leo's mind, and he never afterwards either talked or 
wrote on the subject of astronomy* Such was the 
triumph of his enemies, on wh(mi ample vengeaoee 
would have long ago been executed, if the indigna^ 
tion and contempt of posterity could reach the 
mansions of the dead. 

Conduct like this, in men professing to be the 
ministers of religion and the guardians of truth, can 
give rise to none but the most painful reflection!^ 
That an aged philosopher should be forced, laying 
his hand on the sacred Scriptures, to disavow opi- 
nions which he could not cease to hold without 
ceasing to think, was as much a pro&nation of re- 
ligion, as a* violation of truth and justice. Was it 
the act of hypocrites, who considered religion as a 
state engine, or of bigots, long trained in the art of 
believing without evidence, or even in opposition 
to it ? These questions it were unnecessary to re^ 
solve ; but one conclusion cannot be denied, that 
the indiscreet defenders of religion have often prov^ 
ed its worst enemies. 

At length, however, by the improvements, the 
discoveries, and the reasonings, first of Kepler, and 
then of Galileo, the evidence of the Copernican 
system was fully developed, and nothing was want- 
ing to its complete establishment, but time suflS- 

12 
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cimt to allow opinim to eome gmdually itmndt 
Midi to ^V6 men m aj^ortunity of stodying tiie 
aig^ndoiito pliaed befi»*e them. Of the adheKnte 
of ttio oM sfrtett^ Bumy had been too hmg habk 
twtod to k to ehMge th^ viewsf but as they dis- 
sppeaMd flwi die seene^ they were re^boed by 
ytmng asfaranotiierSi Act Bnder the influenee of ik» 
MiiepvijacKeefl^ aaiid eager to (bUow doetarfaies wliieh 
aeiined to oSat so maiiy new sidbjeots of invest^ 
tiiM. In( ^e next genaitttien the systems ef Bto* 
kmy flsd Tyeho had no followers^ 

It uto not astnmomy alone whieh was benefited 
hf thm revolutien} «ad the discussions to whldi it 
had ^9ett lise^r A new K^ht^ as already remarked 
mB thrownf on the physical vrorld, and the eurtite 
was drawn aside which had so long eoneealed Ae 
great eii^rimeni^ by whieh natmre herself ma- 
niftsfeSt at eveiy instant, the inertia of body, and 
the c6mpo^ti0tf of forces. To reconcile the real 
modan of the eaarth wfth its iqppearance of rest, and 
with our feelii^ of its immobility, required such an 
examination of the nature of motion, as diseoveredt 
if not its essence, at least its most general and fim* 
damental properties. The whole science of rational 
mechanics profited, therefore, essentially by the die- 
eorery of the earth^s motion^ 

A great barrier to philosophic improvement had 
arisen from the separation so early made, and so 
strenuously supported in the ancient systems, be- 

voL. n. N 
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tvtreen terrestrial and celestial substances, and bo- 
tw0en the laws which regulate motion on the eartb, 
ai^d in the heavens. This barrier was now entire 
ly removed ^ the earth waa elevated to the rank of 
a planet ; the planet$ were reduced to the ccmdi- 
tion of earths, and by this mutual approach, the 
swie rules of interpretation became applicaUe ta 
the phenomena of both. Principles derived from 
experiments on the earth, became guides for the 
analysis of the heavens, and men were now in a si- 
tuation to undertake investigations, which the most 
hardy adventurer in science couM not before have 
dared to imagine. Philosophers had ascended to 
tl^ knowledge of the affinities which pervade all 
nature, and which mark so strongly both the wis* 
dom and unity of its author. 

The light thus struck out darted its rays into 
regions the most remote from physical inquiry. 
When men saw opinions entirely disproved, which 
were sanctioned by all antiquity, and by the autho- 
rity of the greatest names, they began to have dif- 
ferent notions of the rules of evidence, of the prin* 
ciples of philosophic inquiry, and of the nature of 
the mind itself. It appeared that science was des- 
tined to be continually progressive ; provided it was 
taken for an inviolable maxim, that all opinion 
must be ultimately amenable to experience and ob- 
servation. 

It was no slight addition to all these advantages, 
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that, in consequence of the discussions from which 
Galileo had unhappily been so great a su£Perer, the 
line was at length definitely drawn which was to 
sepatacto the provinces of faith and philosophy from 
one another. It became a principle, recognised on 
aill' hands, that revelation, not being intended to in<^ 
foim men of those things which the unassisted 
powers of their 'owh understanding would in time 
h6 aible' to discover, bad, in speaking of such mat- 
ters, employed the language and adopted the opi- 
nioni^ of the times ; and thus the magic circle by 
which the priest had endeavoured to circumscribe 
the inquiries of the philosopher entirely disappear- 
ed. ' ^e reformation in religion which was taking 
place about the same time, and giving such energy 
to the human mind, contributed to render this 
emancipation more complete, and to reduce the 
exorbitant pretensions of the Romish church. The 
prohibition against believing in the true system of 
the world either ceased altogether, or was reduced, 
to an empty form, by which the affectation of in- 
fallibility still preserves the memory of its errors. * 

* The learned fathers who have> with so mudi ability^ 
commented on the Principia of Newton^ have prefixed to the . 
third book this remarkable declaration : — '^ Newtonus in hoc 
tertio libro telluris motae hjrpothesin assumit. Auctoris pro- 
positiones aliter explicari, non poterant nisi eadam facta hy- 
pothesi. Hinc alienam coacti sumus gerere personam. Ce« 
terum latis a sumtnis Pontificibm contra telluris motum Decre^ 
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4. Descartes^ Huygbns, ftc. 

Descartes flourished about this periody mH hm 
the merit of bdng the first who undertook to gm 
an exphination of the celestial motions* or wba 
formed the great and philosophic ccnoc^ticm of p»i 
ducing all the phenomena of die uniferae to the 
same law. The time was now arriyed when^ fym 
the acknowledged assimilation of the [daiieta to dm 
earthy this might be undertaken with some reason* 
able prospect of success. No such attempt had 
hitherto been made^ unless the crystalline ifiheiei 
or homocentric orbs of the ancients are to be coai^ 
sidered in th^t light. The coigectures of Keplor 
about a kind of animation, and of orgacoc sfaeniN 
ture, which pervaded the planetary regions^ weie 
too vague and indefinite, and too little anakfgous 
to any thing known on the earth, to be entitled to 
the name of a theory. To Descartes, therafimb 
belongs the honour of being the first who ventnred 
on the soIuti(m of the most arduous problem which 
the material world ofiers to the consideration of 
philosophy. For this solution he sought no other 
data than matter and motion, and with them alone 

lis nos obsequi prqfitemur" There is an archness in the last 
sentence^ that looks as if the authors wanted to convey 
meanings that would differ according to the orthodoxy of the 
readers. 
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proposed to explaut the itnictiure and etmstittttion 
of the tmi^erte. The mtitt^r which he required^ 
t0o» was of the Bim^est kind, posdesnng no pro^ 
fmHibB but eltenmon^ impenetrability^ and inertia* 
II was mMler in the abetracti without any of its 
peeiiliar or distinguishing characters. To exphin 
these diaraotersi was indeed a part of die task 
idiich he proposed to himself, and tiiu^ by the 
wnplieity of his assumptions, he added infinitely 
to the difficulty of the problem which he undtt- 
teek to resdveti 

Tlie fnatier thus constituted was supposied toffll 
all ipaee, add its parts^ both great and 8nmll» to be 
endued with motion in an infinite variety of direct 
tioile* Erom the combniation oi these, the rectili* 
neal vtotion of the parts become impossible ; the 
atoms m particles of inatter wofe eontinnaUy divert* 
ed ftom the lines in which they had begun to 
move; so that circular motion and centrifiq^ 
fofce^ fxriginated from their action on one another* 
Tkitt matter came to be fwmed into a multitude 
of ¥orticeS| differing in extent, in vdodty, and in 
density $ the more subtile parts constituting the 
real vortex, in whfeh the denser bodies float, and 
by which they iEire pressed, thoii^ not eqpially, en 
dyi sides. 

Hms the universe consists of a multitude of 
vcnrticesi which limit and circuimcribe one another. 
The earth and the planets are bodies carried round 
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in the great vortex of the sotor i^jrsteni ; and by 
die pressure of the subtile matter, ^hich drciilates 
with great rapidity, and great centrifiigal force, .the 
denser bodies, which have less nq^dity, and less 
centrifugal force, are forced down toward the sun, 
the centre of the vortex. In like manner, each 
planet is itself the centre of a smaller vortex, by 
th^ subtile matter of which the phenoniena (^gra- 
vity are produced, just as with us at th^ soriaoe 
of the earth. 

The gradation of smaller vortices may be con- 
tinued in the same manner, to explain the cohe- 
sion of the grosser bodies, and their other^ aensiUe 
qualities. But I forbear to enter into the detail of 
a system, which is now entirely exploded, and so 
inconsistent with the views of nature which have 
become familiar to every one, that sudi details can 
hardly be listened to with patience. Indeed, the 
theory of vortices did not explain a single pheno- 
menon in a satisfactory manner, nor is there a 
truth of any kind which has been brought to light 
by means of it. None of the peculiar properties of 
the planetary orbits were taken into the account; 
none of the laws of Kepler were considered ; nor 
was any explanation given of those laws, more than 
of any other that might be imagined. The philo- 
sophy of Descartes could explain all things equally 
well, and might have been accommodated to the 
systems of Ptolemy or Tycho, just as well as to 
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that of Copernicus. It forms, therefore, no link 
in the chain of physicd discovery ; it seryed the 
eaase of truth only by exploding errors more per- 
nicious than its own ; by exhausting a source of 
deception, which might have misled ' oither adven- 
twers in science, and by leaving a striking proof 
how little advancement can be made in philosophy, 
by pursuing any path bat that of experiment, and 
induction* Descartes was, nevertheless, a man of 
great genius, a deep thinker, of enlarged views, 
and enturely superior to prejudice. Yet, in as far as 
the explanation of astronomical phenomena is con- 
cerned, (and it was his nuun object,) he did good 
only by showing in what quarter the attempt could 
not be made with success ; he was the forlorn hope 
of die new philosophy, and must be sacrificed for 
the benefit of those who were to follow. 

Gassendi, the contemporary and countryman of 
Descartes, possessed gre^t learning, with a very 
clear and sound understanding. He was a good 
observer, ^d an enlightened advocate of the 
Copemican system. He explained, in a very satis- 
factory manner, the connection between the laws of 
motion and the motion of the earth, and made ex-^ 
periments to show, that a body carried along by 
another acquires a motion which remains after it 
has ceased to be so carried. Gassendi first observ- 
ed the transit of a planet over the disk of the sun^ 
— ^that of Mercury, in 1631 . Kepler had predict- 
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ed this tnuMity but did not live to Mgc^ A ftj^ecfw^ 
which affivrded so MftiiActory • proof of the trath 
of his gygteni» and of the jocttfacy of hii astmwi 
eal tables. 

The first traoiit of Vedusi tohiDh Was obaarfs^ 
haf^ned a few yeats later^ in 1689^ wheti it wn 
seen in England by Horrox, and his friend Cnb- 
treOy and by thrai only. Hortox, who was # yonag 
man of great genius, had himself calculated th0 
transitt and foretold the time very aoeurat^ 
though the astronomical tables of that day ial^ 
different results, and those of KepWi in iK^hieh ke 
Mmfided the most> wen^, in this instanoe* ccAsidsp- 
ably in error. Horrox has also the merit ef behg 
among the first who rightly i^reeiated the diso»- 
veries of the astronomer jurt named« He had ^ 
voted much time to astronomical ob^ervtf i<Hi^ waAk 
though he died very young, he left bdiind him 
some preparations for computing taUes of the moeOi 
on a principle which was new, and which Newtop 
himself thought worthy of being adopted in his 
theory of the inequalities of that planet. 

The first complete system of astronoipyj in 
which the elliptic orbits were introduced, was die 
Astronomia Philolaka of BuUialdus, (Bouilkjud^ 
published in 1645, They were introduced, how^ 
ever, with such hypothetical additions, as show 
that the idea of a centre of uniform motion had 
not yet entirely disappeared. It is an idea, in« 



doe^ iHlk^ ff9if» ooAdderaMe relief to tlie knagU 
m^Q^ fUid It bewks iMds to m^thd^ <^ oalciiliir 
iMm Mbre ^llffe thM ^e trae theoiy, aad Ballkdi^ 
din BMijr have fl^^rened bimtelf tb^t (^ey w^ro 
soffic^tly MaAtb Hd (KmoeiTes the ^lipti^ wfaik 
as « 9?ekitifei of an oUique i»v^ tibe mua of wbioh 
prtpcrt tiircti^ tlid wpericNr focui of the ellipidt 
while th^ {toaet stores in its cirettBi&raice ki sueh 
• imfeM^ )^ a ^fame passing thrtMigh it atad 
thmm^ Ihe ax»i| dmU be carried raund with a 
ih^Cmw ai^;Ular vdioeityi It is ^aib thai tbe e<me 
im^ $tii aldfe are mei!* fictions^ aibitrariljf eaautaiedv 
mi. wt even posflessbig the advantage ef iniapjUei^ft 
ThB authw hinlself d^»rts from this hjpothesilb 
aad eabmlates the places of a plabeti Q9t the supt 
pm^n that it taoves in the orciUuijferenoe of m 
^qfol^ and the ^cy^t in the Go^mwievence <if 
itaa ecoeatric defer^nt^ both angular motians being 
unifonut that of the planet in the ^picyc^ heii^ 
lelrogradet a^d doable the other* The figiure 
thw described may be shown to be aii ellipse* but 
the Ipie drawa from th^ ^anet to the locus does 
noi c^ off areas ptopditional to tibe t\w^ 

An hypothesis adtanced by Wsldi Bishop of 
Sd&bwyf Was simj^ mi n^re aecur^te than that 
of the French aatronoJveiv AecordiBg to it| tha 
lii^ drawn from a i^net to the saperioir Ibcas of 
its eUiptic orbity turns with a uaifcmn angidar velo* 
dity roand thait point In orbits of small eccentri* 
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city, this is nearly truei and almest coincides in 
such cases with Kepler's principle of th^ uniform 
description of areas. Dr Ward, hovreyer, did not 
consider the matter in that light ; he assumed his 
hypothesis as true, guided, it would seem, by no^ 
thing but the opinion, that a centre of uniform mo- 
tion must somewhere exist, and pleased with tbe 
simplicity thus introduced into astronomical calcii- 
lation. It is, indeed, remarkable, as Montuda has 
observed, how little the most enlightened astrono- 
mers of that time seem to have studied or under- 
stood the laws discovered by Kepler. Riccioli, of 
whom we are just about to speak, enumerates all 
the suppositions that had been laid down concern- 
ing the velocities of the planets, but makes no 
mention of their describing equal areas in equal 
times round the sun. Even Cassini, great as he 
was in astronomy, cannot be entirely exempted 
from this censure. 

Riccioli, a good observer, and a learned and di- 
ligent compiler, has collected all that was known in 
astronomy about the middle of the seventeenth 
century, in a voluminous work, the New Almagest 
Without much originality, he was a very useful 
author, having had, as the historian of astronomy 
remarks, the courage and the industry to read, to 
know, and to abridge every thing. He was, ne^ 
vertheless, an enemy to the Copemican system, 
and has the discredit of having measured the evi- 
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dence for and against that system, not by the 
weight, but by the number of the argmnents. 
The pains which he took to prop the falling edifice 
of d^erents and epicycles, added to his misa^re- 
bending and depreciating the discoveries of Kepler, 
subject him to the reproach of having neither the 
genius to discover truth, nor the good sense to dis^ 
tinguish it when discovered. He was, however, -^a 
priest and a Jesuit ; he had seen the fate of Gahleo ; 
and his errors may have arisen from want of cour- 
age, more than from want of discernment. 

Of the phenomena which the telescope in the 
hands of Galileo had made known, the most para- 
doxical were those exhibited by Saturn ; sometimes 
attended by two globes, one on each side, without 
any relative motion, but which would, at stated 
times, disappear for a while, and leave the planet 
single, like the other heavenly bodies. Nearly 
forty years had elapsed, without any farther insight 
into these mysterious appearances, when Huygens 
began to examine the heavens with telescopes of 
his own construction, better and more powerful 
than any which had yet been employed. The two 
globes that had appeared insulated, were now seeii 
connected by a circular and luminous belt, going 
quite round the planet. At last, it was found that 
idl these appearances resulted from a broad ring 
surrounding Saturn, and seen obliquely from the 
earth. The gradual manner in which this truth 
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unfdded itself is very intwefttiiigy cad has besli 
given with the detail that it detennel by Hm||;Mi% 
m his Systema Satuminmu 

The attention which Huygens had paid M tkt 
ring of Saturni led him to the diseotety of • M^ 
lite of the same planet# His telescopea #era Aet 
powerful enough to discover mone of them than &m| 
he believedi indeed^ that there ware no tncM^ aiid 
that the number of the planetd now discClrered iKm 
complete. Hie reasoning by which he coaVliioed 
himself, is a proof how slowly men are ctared of thdr 
pnrjudices» even with the best talents and tii0 best 
information. The planets^ primary and seoondwyi 
thus made up twelvoi the double of six^ the fiftt of 
the perfect numbers* In IG7I9 howeveiv Cassini 
discovered another satellite^ and afterwards three 
morCi making five in all, which the moi^ perfett 
telescopes of Dr Herschell have lately augmented 
to seven. 

To the genius of Huygens astrcmomy is indebted 
for an addition to its appafatus, hardly less essenti* 
al than the quadrant and the telescope. An accu- 
rate measure of time is of use even in the ordinary 
business of life, but to the astronomer is infinitdy 
valuable. The dates of his observation^ and an 
accurate estimate of the time elapsed between tfaem^ 
is necessary, in order to make them lead to any 
useful consequences. Besides this, the only wi^ 
q£ measuring with accuracy those arches in the 
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hnvensy whicii extend from ei^ te wert, or which 
are ponllel to tiie equator, depends on the earth*s 
rotationit because such an arch bears the same pro* 
portion to the ^ire circumference of a circle, that 
tha tMie of its passage under the meridian bears to 
aa eMire da|r« The reckoning of time thus furw 
nidies the best measure of position, as determined 
by BMlies parallel to the equatw, whether on the 
earth m in the heavens. 

Though t^e pendulum ^rded a measure of 
time, in itself of the greatest exactness, the means 
of continuing its motion, without disturbing the 
time of jits vibratiops, was yet required to be found, 
a&d this, hf means of the clock, Huygens contriv* 
ed most ingeniously to effect. Each vibration of 
the pendulum, by means of an arm at right angles 
to Hf allows the tooth of a wheel to escape, the 
whed being put in motion by a weight. The 
wheel is so contrived, that the force with which it 
acta is just su£Bicient to restore to the pendulum 
the ntetion which it had lost by the resistance of 
the airv and the friction at the centre of motion. 
Thus th^ motion of the dock is continued without 
any diminution of its uniformity, for any length of 
time. 

The telescope had not yet served astronomy in 
all the capacities in which it could be useful* 
Hu^ens, of whose inventive genius the histCHry ci 
science has so much to record, applied it to the 
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mMsurement of small angles, fannmg it into the 
ibstrument which has since been called a microme* 
ter. By introducing into the focus of the tele- 
scope a round aperture of a given size, he oontrived 
to measure the angle which that aperture suibtend* 
ed to the eye, by obisierving the time that a star 
placed near the equator required to trayerse* it. 
fWhen :the angle subtended by any other object in 
the telescope was to be measuced> he introduced 
into the focus a thin piece of metal, just sufficient 
to cover the object in the focus. The proportion, 
of the breadth, of this plate, to the diameter of the 
aperture formerly measured, gave the angle sub* 
tended by the image in the focus of the telescope. 
This contrivance is described in the Systema Satur^ 
ninum^ at the end. 

' The telescope has farther contributed materially 
to the accuracy of astronomical observation, by its 
application to instruments used for measuring, not 
merely small angles, but angles of any magnitude 
whatever. The telescope here comes in place, of 
the plain sights with which the index or aUidad of 
an instrument used to be directed to an object, and 
this substitution has been accompanied with two 
advantages. The disk of a star is never so well de- 
fined to the naked eye as it is in the telescope. 
Besides, in using plain sights, the eye adapts itself 
to the farther off of the two, in order that its aper- 
ture may be distinctly seen. Whenever this ad- 
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jiMitaient is made, the object seen through the aper- 
ture necessarily appears indistinct to the eye, which 
is then adapted to a near object. This circumstance 
ptoduoes m uncertainty in all such observations^ 
is^hieh, by the use of the telescope, is entirely re» 

moved. 

vBut the greatest advantage arises from the mag« 
nilying power of the telescope, from which it fol- 
lows, that what is a mere point to the naked eye^ 
is an extended line which can be divided into a 
great, number of parts when seen through the for- 
mer. The best eye, when not aided by glasses, is 
not able to perceive an object which subtends m 
angle less than half a minute, or thirty seconds. 
When the index of a quadrant, therefore, is direct- 
ed by the naked eye to any point in the heavensj 
we cannot be sure that it is nearer than half a 
minute on either side of that point. But when 
we direct the axis of a telescope, which magnifies 
' thirty times, to the same object, we are sure that 
it is witl^n the thirtieth part of half a minute, that 
is, within one second of the point aimed at. Thus 
the accuracy cceteris paribus is proportional to the 
magnifying power. 

The application of the telescope, however, to 
astronomical instruments, was not introduced with«> 
put opposition. Hevelius of Dantzic, the great- 
est observer who had been since Tycho Brah^, 
who had furnished his observatory with the best 
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and lai^g^ instrument^ and wko was famiUav wilH 
the use of the teleacopey straiiiioudy fluntaiMd 
the superiority of the plain rights* His prine^ 
argument was founded on this,— 42iaty u pUl 
sights, the line of ooUimation is determined iii Jii 
position by two fixed points at a conriderabfe dis* 
tance from one another, via. the eenties eftWtwo 
tortures of the sights, so that it rMMUV imvri* 
able with respect to th^ index. 

In the ease of the teleseope there was one fixdi 
point, the intersection of the wires in the fobua of 
the eye-glass } but HeTolius did not think that 
the other point, viz. the optical centre of the ob* 
jeet-glass, was equally well defined. Thi^ deniN^ 
however, might have been removed by a ^rert i^ 
peal to experiment, pr to angles actually measured 
on the ground, first by an instrument, and thm 
by trigonometiical operations. From th^ace ft 
would soon have been discovered, that the centre 
of a lens is in fact a point defined more aociirsto* 
]y than can be done by any mechanical construc- 
tion. 

This method of deciding the question was not 
resorted to. Hevelius and Hooke had a very se- 
rious controversy concerning it, in which the ad- 
vantage remained with the latter. It should have 
'been observed that the French astronomer, Picard, 
was the first who employed instruments furnished 
with telescopic sights, about the year 1665. R 

8 
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appears, however, tliat Oascoighe, an English gen- 
thman who 4bll at the battte of Marston-moor in 
l6i4, had anticipated the French astronomer in 
this invention, but that it had remained entirely 
Hfdotio^. He had also anticipated the invention 
of the micrometer. The vast additional accuracy 
thus given to instruments formed a new era in the 
history of astronomical observations. 

Though Galileo had discovered the satellites of 
Jupiter, their times of revolutiop, and even iKbme of 
their inequalities, it yet remained to define their 
motions with precision, and to construct tables for 
calculatiqg thcPir places. This task was performed 
by the elder Cassini, who was invited from Italy, 
his native country, by Louis the Fourteenth, and 
settled in France in 1669* His] tables of the sa- 
tellites had been published at Bologna three years 
before, and he continued to improve them, by a se« 
ries of observations made in the observatory at Paris, 
with great diligence and accuracy. 

The theory of the motions of these small bodies 
is a research of great difficulty, and had been at- 
tempted by many astronomers before Cassini, with 
very little success. The planes of the orbits, thoilr 
inclinations to the orbit of Jupiter, and the lines in 
which they intersected that orbit, were all to be de^ 
termined, as well as the times of revolution, and 
the distances of each from its primary. Add to 
this, that it is only in a few points of their orbits 

VOL. II. o 
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that they can be observed with advantage. The 
best are at the times of immersion into the shadow 
of Jupiter, and emersion from it. The same ex* 
cellent astronomer discovered four satellites of Sa- 
turn, in addition to that already observed by Hiiy- ' 
gens. He also discovered the rotation of Jupiter 
and of Mars upon their axes. 

The constant attention bestowed on the eclipitB 
of the satellites of Jupiter, made an inequality be 
remarked in the periods of their return, which 
seemed to depend on the position of the earth rela- 
tively to Jupiter and the sun, and not, as the ine^ 
qualities of that sort might have been expected to 
do, on the place of Jupiter in his orbit. From the 
opposition of Jupiter to the sun, till the conjunc- 
tion, it was found, that the observed emersion of 
the satellites from the shadow fell more and more 
behind the computed ; the differences amounting 
near the conjunction to about fourteen minutes. 
When, after the conjunction, the immersions w^ 
observed, an acceleration was remarked just equal to 
the former retardation, so that, at the' opposition,' 
the eclipse happened fourteen miiiutes sodner than 
by the calculation. 

The first person who offered an explanation of 
these facts was Olaus Roemer, a Danish astronomer. 
He observed that the increase of the retardation 
corresponded nearly to the increase of the earth's 
distance from Jupiter, and conversely, the accelera- 
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fJon to the diminution of that distance. Hence it 
<x:ciiTred to him, that it was to the time which light 
^requires to traverse those distances that the whole 
series gI phenomena was to be ascribed. This ex- 
^planation was so simple and satisfactory^ that it was 
^[readily received. 

Though Roemer was the first who communicated 
-tdiia ex^anation to the world, yet it seems certain 
tiiat it had before occurred to Cassini, and that he 
^«¥a8 prevented from making it known by a consh* 
deration which does him great honour. The ex- 
;planation which the motion of light afforded, seem- 
ed not' tQ be consistent with two circumstances in- 
volved in the phenomenon. If such was the cause 
of the alternate acceleration and retardation above 
^eacribedy why was it observed only in the eclipses 
of jthe first satellite, and not in those of the other 
^hree 2 This difficulty appeared so great to Cassini, 
t:hat he sup^ssed the explanation which he would 
otherwise have given. 

The: other difficulty occurred to Maraldi. Why 
did not an equation or allowance of the same kind 
^uise fxraa the position of Jupiter, with respect to 
liis aphelion, for, all other things being the same», 
Ilia distance from the earth must be greater, as he 
vras nearer to that point of his orbit ?- Both these 
^Ufficulties have since been completely removed. If 
tihe aforesaid inequality was not for some time ob- 
served in any satellite but the first, it was only be- 
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cause tlie motions of the first are the most r^ukr, 
and were the soonest understood^ but it now ap- 
pears that the same equation belongs to all the is- 
tellites. The scdution of Maialdi's difficulty is fl- 
milar } for the quantity of what is called tlie eqoi- 
tion of the light, is now known to be a£feoted liy 
Jupiter'fii place in his orbit. 

ThuSi every thing conspires to prove the ^reality 
of the amotion of light, so singular on account of 
the immensity of the velocity, and the smaUqess of 
the bodies to which it is commumcated. 



5. Establishment of Acaiiemies, &c. 

About the middle of the seventeenth century 
were foimed those associations of scientific men^ 
which, under the appellation of Academies or Phi- 
losophical Societies, have contributed S)o much to 
the advancement of knowledge in Europe. The 
Academia del Cimento of Florence, founded in 
16<51, carried in its name the impression of the new 
philosophy. It was iq the country of Galileo where 
the first institution for the prosecution of experi- 
mental knowledge might be expected to arise, and 
the monuments which it has left behind it will ever 
create regret for the shortness of its duration. 

England soon after showed the same example. 
It has been i^lready remarked, that, during tlie 
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civil ware^ a number of liianied and.scientiiic men 
sdttgbl, in tte retirement of Oxford^ an as^ltim 
frotti the troubled to which the dountry was then a 
pf^. Hii^ had met as edriy as 164^^ most of 
theih w^re attached to the royal cause; and after 
the testoratira of Charles the Sebohd) they were 
in([H))'porMed by a roydl charter in 1669* 

The first idea of this institution seems to haire 
b^en suggested by the writings of Baeon, who^ in 
rtscbnuhending the use of experiment, had severely 
censured the schools, colleges, ^dd adadeihies df his 
oWn time, as adverse to the advahcement of know- 
ledge ; * and, in the Nova AtiahtiSi had given a 

* ^^ In moiibus et uistitutis dch;oiarmn> academiarum^ cq1«« 
l^orum, et tumilium conventiium, quae doctorum hominum 
sedibus^ et eruditionis culturse destinata sunt^ omnia progres- 
sui scientiarum adversa inveniuntur. Lectiones enim et ex- 
ercitla ita sunt disposita^ ut aliud a consuetis baud facile cui- 
quam in mentem veniat cogitare^ aut contemplari. Si vero 
unus aut alter fortasse judicii libertate uti sustrnuerit^ is sibi 
soli banc operam imponere possit ; ab aliorum autem oimsor* 
tio nihil capiet utilitatis. Sin et hoc tdleraverit^ tamen in 
eapessenda fortuna industriam banc et magnanimitatan sibi 
noh levi impedimento fore experietur. Studia enim homi- 
nmn in ejusmodi locis^ in quorundam auctorum scripta, re* 
luti in carceres^ conclusa sunt ; a quibus si quis dissentiat^ 
continuo ut homo turbidus et rerum novarum cupidus corri- 
pitur. In artibus autem et sdentiis tanquam in metdtU-fodinu 
omnia novis openbus et uUerioribus progresMus citcumstrepere 
debent^'-'^Nov. Org. Lib. i. Aph. 90. 

Itr would be gratifying to be able to observe, that the uni* 
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most interesting sketch of the forin of a society, di- 
rected to scientific improvement. In Gennanyi 
the Academia Natur<B Curiosorum dates its com- 
mencement from 165% and the historian of that 
institution ascribes the spirit which produced it to 
the writings of the philosopher just named. These 
examples, and a feeling that the union and co-ope- 
ration of numbers was necessary to the progress of 
experimental philosophy, operated still more exten- 
sively. . The Royal Academy of Sciences at Paris 
was founded in 1666, in the reign of Louis the 
Fourteenth, and during the administration of Col- 
bert. The Institute of Bologna in Italy belongs 
nearly to the same period ; but almost all the other 
philosophical associations, of which there are now 
so many, had their beginning in the eighteenth cen- 
tury. 

Frequent communication of ideas, and a regular 



versities of Europe had contributed to the renovation of sci- 
enoe. The fact is otherwise ; — ^they were often the Justnesses 
from which prejudice and error were latest of being eiqpelled. 
Xbqr* joined in persecuting the reformers of science. It has 

I ween, that the masters of the University of Paris were 
with Galileo for the experiments on the descent of bo- 

^ Btoi the University of Oxford brought on itself the 
hMiblft diagnoe of persecuting^ in Friar Bacon^ the fjrst 
MU.who appears to have had a distinct view of the means 
Ogr which the knowledge of the laws of nature must be ao» 
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ttethiNl of keeping up such Gommunication, are 
evideiitly essential to works in which great labour 
and industry are to be employed, and to which 
much time must necessarily be devoted ; when the 
philosopher must not always sit quietly in his ca« 
binet, but must examine nature with his own eye% 
and be present in the work-shop of the mechanic, 
w the laboratory c^ the chemist. These operations 
are fiicilitated by the institutions now referned to, 
which, theiBfore, are of more nnportance to the 
physical sciences than to the other branches of 
knowledge. They who cultivate the former are 
also fewer in number, and being, of course, farther 
separated, are less ^t to meet together in the 
common iutereourse of the world. The historian, 
the critic, the poet, finds everywhere men who can 
enter in some degree at least into his pursuits, who 
can appreciate his merit, and derive pleasure from 
his writings or his conversation. The mathemati- 
cian, the astronomer, the mechanician, sees few men 
who have much sympathy with his pursuits, or who 
do not look with indi£Perence on the objects which 
he pursues. The world, to him, consists of a few 
individuals, by the censures or approbation of whom 
the public opinion must be finally determined ; 
with them it is material that he should have more 
frequent intercourse than could be obtained by ca- 
sual rencounter ; and he feels that the society of 
men engaged in pursuits similar to his own, is a 
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necessary stimulus to his exertioilB.. Add to thia, 
that such societies become centres in which infor- 
mation concerning facts is collected from. all quar- 
tets. For all these reasons^ the greatest bebefit 
has resulted from thp scientific institutions whidi, 
since the middle of the seventeenth century, have 
become so numerous in Europe. 

The Royal Society of London is an associafcioii 
of men^ who, without salaries or appointmetit from 
QovemmBiit, defray, by private contributioni the 
expence of their meetings, and of their publications. 
This last is another important service, which a so- 
ciety so constituted renders to science. 

The demand of the public for memoirs in ma- 
thematics and natural philosophy, many of them 
perhaps profound and difficult, is not sufficiently 
great to defray the expence of publication, if they 
come forward separately and unconnected with one 
another. In a collective state they are much more 
likely to draw the attention of the public ; the 
form in which they appear is the most convenient 
both for the reader and the author ; and if» after 
all» the sale of the work is unequal to the expence^ 
the- deficiency is made up from the funds of the so- 
Qety. An institution of this kind, therefore, is a 
patriotic and disinterested association of the lov* 
era of science, who engage not only to employ 
themselves in discovery, but, by private contri- 
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bution, to defray the expence^of scientific publico- 
tiims. 

The Academy of Scieaces in Paris was not ei(- 
actLy an institution of the same kind. It. consisted 
of three, classes of ./members^ one of which^ the 
PewiomuureSf. twenty in number^ had salaries paid 
by Gnovenimenty and were hound in their turns to 
furnish the meetings with scientific memoirs, and 
each, of them also^ at. the beginning of e?ery year, 
^8 -expected to give an account of the work in 
irtiioh he Was, to be. eixiployed. This institution 
has. been of iticredible advanti^e to science. To 
detach a number of ingenious men from every thing 
but scientific pursuits ; to deliver them alike from 
the embarrassments of poverty or the temptations 
of wealth ; to give them a place and station in so- 
ciety the most respectable and jndependent, is to 
remove eVery impediment, and. to add every stimu- 
lus to . exertion. To this institution, accordingly, 
operatmg upon a people of great genius, and inde- 
&tigable activity nf mind, we are to ascribe that su- 
periority in the mathematical sciences, which, for 
the last seventy yeiurs, has been so conspicuous. 

The establishment of astronomical observatories^ 
as national or royal woiks, is connected in Europe 
with the institution of scientific or philosophical so- 
cieties. The necessity of the former was, indeed, 
even more apparent than that of the latter. A 
science, which, has the heavenly bodies for its ob- 
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jects^ ought, as fiu* as possihfe, to be exempted firom 
the vicissitudes of the earth. As it gains strra^th 
but slowly, and reqoires ages to ccnnj^ete its disoo- 
Teries, the plan ^ observation must not be limited 
by the life of the individual who pum]K8 it, but 
must be f(^owed out in the same place, year aft^ 
year, to an unlimited extent. A perception of tiiit 
truth, however indistinct, seems, fitrai the eaiiiest 
times, to have suggested the utility <^ observatoriea^ 
to those sovereigns who patronised astroiumiy,' 
whether they looked to that science for real or 
imaginary instruction. The circle of Osymandias 
is the subject of one of the most andent traditions 
in science, and has preserved the name of a prince 
which otherwise would have been entirely unknovm. 
A building, dedicated to astronomy, made a con- 
spicuous part of the magnificent establishment of 
the school of Alexandria. During the middle ages, 
in the course of the migrations of science toward 
the east, sumptuous buildings, furnished with astro- 
nomical instruments, rose successively in the ^aina 
of Mesopotamia, and among the mountains of Tar- 
tary* An observatory in the gardens of the Caliph 
of Bagdat contained a quadrant of fifteen cubits * in 
radius, and a sextant of forty, t Instruments of a 
still larger size distinguished the observatory of Sa- 



• Twenty-two feet three inches, 
t Sixty feet five mches. 
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marcaode* and the accounts would seem incredible, 
if the ruins of Benares did not, at this moment, at« 
test the reality of similar constructions. 

On- the revival of letters in Europe, establish- 
ments of the same kind were the first decisive in- 
dications of a taste for science. We have seai the 
magnificent observatory on which Tycho expend- 
ed lus private fortune, and employed the munifi- 
cence of his patron, become a sad memorial (after 
the signal services which it had ]:«ndered to astro- 
nomy) of the instability of whatever depends on 
individual greatness* The observatories at Paris 
and London were secured from a similar fate, by 
being made ni^on^l establishments, where a suc- 
cession of astronomers were to devote themselves 
to the study of the heavens. The observatory at 
Paris was begun in I667, and that at Greenwich 
in I&76. In the first of these. La Hire and Cas-. 
sini, in the second, Flamstead and Halley, are at 
the head of a series of successors, who have done 
honour to their respective nations. If there be in. 
Britain any establishment, in the success and con- 
duct of which the nation has reason to boast, it is 
that of the Eoyal Ohservatory, which, in spite of 
a clipnate which so continually tries the patience, 
and so oft^n disappoints the hopes of the astrono- 
mer, has furnished a greater number of observationij 
to be completely relied on, than all the rest of 
Europe put together, and afforded the data (q^ 
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those tables, in which the French ndathematicians 
have expressed, with such accuracy, the past^ the 
present, and the future condition of the heavens. 



6. Figure and Magnitude of the Eaeth* 

The progress made during the seventeenth i3en- 
tuty, in ascertaining the magnitude and figure of 
the earth, is particularly connected with the esta- 
blishments which we hive jilst been considering. 
Concerning the figui^ of the earthy no accurate in^ 
foimatioh was derived from antiquity, if we except 
that of the mathematical principle on which it was 
to be determine. The measurement of an arch of 
the meridian was attempted by Eratosthenes of 
Alexandria, in perfect conformity with that prin* 
ciple, but by means very inadequate to the import- 
ance and cRffiCulty of the problem. By meaduring 
the sun^s distance from the zenith of Alexandria^ 
on the soktitial day, and by knowings as he thought 
he did, that, on the same day, the sun was exactly 
in the setiith of Syen^, he found the distance id 
the heavens between the parallels of those places to 
be T l^f or a 5dth piut of the circumferencie of 
a great circle. Su]^posing, then, that Alexandria 
and Syeh6 were in the same meridian, nothing 
more was required than to find the dittance be« 
tween them, which, when multiplied by 50, would 
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give the circumferenGe of the globe. The manner 
in which this was attempted by Eratosthenes is 
^te characteristic of the infant stateof the arts of 
experiment and observation. . He took no trouble 
to ascertain whether Alexandria and Syene wer^ 
due north and south of one another : the truth is, 
that the latter is considerably east of the former, so 
that, though their hqiizontsd distance had beea ac- 
curately known, a considerable reduction would 
have been necessary, on account of the distance of 
thp one from the meridian of the other. 1 1 does 
not appear, however, that Eratosthenes was at any 
more pains to ascertain the distance than the beqr- 
ing^ of the two places. He assumed the former 
just as it was commonly estimated ; and, indeed, it 
appears that the distance was not measured till long 
afterwards, when it was done by the command of 
^ero. 

It was in this way that tjhe ancients made obser- 
vations and experiments ; the mathematical prin- 
ciples might be perfectly understood, but the me- 
thod of obt^ning accurate data for the application 
of those principles was not a subject of attention. 
The poxver of resolving the problem was the main 
object ; and the actual solution was a matter of 
very inferior importance. The slowness with which 
the art of making accurate experiments and obser- 
vations has been matured, and the great distance 
it has kept behind theory, is a remarkable fact in 
the history of the physical sciences. It has been 
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remarked, that mathematicians had fomid out the 
area of the circle, and calculated its circumference 
to more than a hundred places of decimals, before 
artists had divided an arch into minutes of a de- 
gree ; and that many excellent treatises had been 
written on the properties of curves, before i 
straight line had been drawn of any consideraUe 
length, or measured with any tolerable exactness, 
on the surface of the globe. * 

The next measurement on record is that of the 
astronomers of Almamon, in the plains of Mesopo- 
tamia, and the manner of conducting the operation 
appears to have been far more accurate than that of 
the Greek philosophers ; but, from a want of know- 
ledge of the measures employed, it has conveyed no 
information to posterity. 

The first arch of the meridian measured in. mo- 
dern times with an accuracy any way corresponding 
to the difficulty of the problem, was by Snellius, a 
Dutch mathematician, who has given an account of 
it in a volume which he calls Eratosthenes BatavuSf 
published in 1617* The arch was betwieen Bergen- 
op-zoom and Alkmaar ; its amplitude was 1^ 11' 
90f!i ftnd the distance was determined by a series of 
triai^les, depending on a base line carefully mea^ 
sured. The length of the degree that resulted was 
55^02 L toises, which, as was afterwai^is found, is 
considerably too small. Certain errors were dis- 
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coTeredy and when they were corrected, the degree 
came out 57)033 toises, which is not far from the 
truth. The corrections were made by Snellius him- 
self, who measured bis base oyer again, and also the 
angles of the triangles. He died, however, before 
he could publish the result* Muschenbroek, who 
calculated the whole anew from his ps^rs, came to 
the conclusion just mentioned, which, of course, was 
not known till long after the time when the mear 
sure was executed. No advantage, accordingly, was 
derived to the world from this measurement till its 
value was lost in that of other measurements still 
more accurately conducted. 

A computation which, for the time, deserves con- 
siderable praise, is that of Norwood, in 1635, who 
measured the distance between London and York, 
taking the bearings as he proceeded along the road, 
and reducing all to the direction of the meridian, 
and to the horizontal plane. The difference of la- 
titude he found, by observation of the solstices, to 
be S^ S8', and from that and his measured distance, 
he concluded the d^ree to be 367>176 feet Eng- 
lish, or 57,800 toises. This has been found to be 
a near approximation ; yet his method was. not ca- 
pable of great accuracy, nor did he always execute 
it in the best manner. <^ Sometimes,*' says he, 
*^ I measured, sometimes I paced^ and I believe I 
am within di, scantling of the truth.** 

Eemel, a French physician, measured with a 
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wheel from Paris to Amiens, which are nearly in 
the same meridian, tod he determined the d^pree 
from thence to he 56/74^6 French toises ; a result 
which falls sliort of the truthj though not very con- 
siderably. 

These investigations, it is plain, could not but 
leave considerable uncertainty with respect to ihe 
magnitude of the earth. The Academy of Sdenciofi 
became interested in the question, and the measure- 
ment of an arch in the meridian was undertaken 
under its auspices, and executed by the Abb6 Fi- 
card, already known for bis skill in the operations 
of practical geometry. He followed a method si- 
milar to that of Snellius, according to which^ the 
distance between Amiens and Malvoisin was found 
from a series of triangles, and a base of 5663^ toises. 
He determined the difference of latitude by means 
of a zenith sector of ten feet radius, and found it to 
be V ^X 55'\ The whole distance was 78,850 
toises, whence the degree came out 57f060 toises. 
This was the first measurement of a degree of the 
meridian, on which perfect reliance could be placed. 

Hitherto no doubt had been entertained of the 
spherical figure of the earth, and, of consequence, 
of the equality of all the degrees of the meridian, 
so that, if one was known, the whole circumference 
was determined. Men, with the preoi^tation 
which they so oflen manifest, of assuming, without 
sufficient evidence, the conclusion which ai^>ears 
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Euost aimpky were no aoooer saliafied thut Ike earth 
was round, than tbey supposed it to he truly spbe^ 
dbat An observataon ^oon occurred^ which gave 
ttman to 8U9pect» that mudi more must be done 
before its figure or its magnitude were €(M»pIeteIy 
Mcertaiaed. 

With a view of observing the sun's altitude in the 
licauty of the equator^ wl^re the distance from the 
smith being inconsiderable^ the ef&cts of redaction 
Bnutt be of small acGOunt» it was agreed, by the same 
aeademy^ to send an astronomer, M» Bicher, to 
»ike obseryaiioiu at the isbmd of Cayenne, in 
South America* 

Richer obserired the solstitial altitude of the sun 
At that place in I67S, and found the distance of 
the tropics to be 46"" 6T ^" ; ^i^d, therefore» the 
obliquity of the ecliptic ^"^ S8' m'\ agreeing al- 
tnosfc pmisely with the determination of CassinL 
. The most remarkable circumstance, however^ 
ithidi occurred in the course of this voyage, waa» 
iJmt the clock, though furnished with a pendulum 
3f the same length which vibrated seconds at Faris^ 
vas founds at Cayenne, to lose two minutes and a 
lalf a day nearly. This created great astonisliment 
n France, especially after the accuracy of it was 
iQSifirmed by the observations of Varin and Des^ 
layesy who, some years afterwards, visited different 
places on the coast of Africa and America, near the 
ine, and found the necessity of shortening the pen- 
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dulum, to make it vibrate seconds in those latitudes* 
The first explanation of this remarkable phenome- 
non was given by Newton, in the third book of his 
Principia^ published in l687s where it is deduced 
as a necessary consequence of the earth's rotation 
on its axis, and of the centrifugal force thence aris- 
ing. That force changes both the direction and tk 
intensity of gravity, giving to the earth an oblate 
spheroidal figure, more elevated at the equator than 
the poles, and making bodies fall, and pendulums 
vibrate, more slowly in low than in high latitudes. 
This solution, however, did not, any more than 
the book in which it was contained, make its way 
very readily into France. The first explaoisdion 
of the retardation of the pendulum, which was re- 
ceived there, was given by Huygens in 1690. 
Huygens deduced it also from the centrifugal force, 
arising from the earth's rotation, and the view which 
he took was simpler, though much less accurate' 
than that of Newton. It had, indeed, the simpli- 
city which often arises from neglectipg one of liie 
essential conditions of a problem ; but it was never- 
theless ingenious, and involved a very accurate 
knowledge of the nature of centrifugal force.. I 
am thus brought to touch on a subject which' ber 
longs properly to the second part of this Disserta* 
tion, for which the fuller discussion of it mji^ of 
course be reserved. 
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,Section V. 

i 

oPTies. 

I. Optical Knowledge op the AncienINs^ 

On account of the rectilineal pr<^pagation (tf 
iight, the phenomena of optics are c^ily expres8e4 
in the form of mathematical propositions, and sepm^ 
as it were, spontaneously to ofifer theB(iselyes to the 
^udy of geometers. Euclid perceiving this affi- 
nity, b^an to apply the science which he had al- 
ready cultivated with so much success, to explaiQ 
the laws of vision, before a singilar attempt had 
been made with respect to any other branch of ter^ 
restrial physics, and at least fifty years before the 
r«^^ A>d>imed» M pLed mecbnk. 
among the number of the mathexnatical sciences:^ 

In the treatise a3cribe4 to Euclid, there are^ 
however, only two physic^ principles which havp 
completely stood the test of subsequent improve^- 
ment. The fir^t of these is the proposition just 
referred to,, that a point in any object is seen in 
the direction of a straight line drawiji from the eye 
to that point ; and the second is, that when a poii^t 
in an object is seen by reflection from a polished 
surface, the lines drawn from the eye and ix^x^ 
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the object to the point whence the reflection is 
made, are equally inclined to the reflecting surface. 
These propositions are assumed as true ; they 
were, no doubt, known before the time of Euclid, 
and it is supposed that the discovery of them was 
the work of the Platonic school. The first of 
them is the foundation of Opticd proper^ or the 
theory of vision by direct light ; the second is the 
IbutiidfttiOii of Catoptrics, or the theory of vision by 
i^eflei^ed light. Dioptrics, or vision by rifraoted 
l^hti hiKl not yet beconde an object of atteiitiom 

TW() other principles which Euclid adopted as 
^oAulhtes in his demonstrations^ have not met l¥ith 
the tmkii^ entire eonflrmation from experiment, add 
fttt*, indeed) true only in certain oases, and not uni^ 
Vei^all^) liB he supposed. The first of these is, 
that We judge of the ma^itude of an ch^ect alto^ 
^hei" by the magnitude of the optical angle^ or 
the ilhgle which it subtends at the eye» It ia true 
thUt this angle is an important element in that 
judgment, and Euclid^ by discovering this, <came 
intd the possesBOh of a valuable truth ; but by a 
ispbcies t)f «ophislry, very congenial to the human 
ftbid, he extended the principle too far, and sup- 
^oiied it to be the only cit^umstancd which deter- 
mihtss 6W judgment of visible magnitude. It ii, 
indeed^ the only measure which we are jfumished 
with directly by the eye itself} but there are few 
tases in which we form our estimate without first 



^peseiUiig iQ thie f^ammpntAvy affcffded by the (sont 
sitiims (^ toucbi q§ ihp Qmi^Qtiom domed iidin 
ow own motion. 

Another priiiipi^i yd down by tbe same gpo? 
mf»lerj . ip in circum9tmc69 nearly nmilar to the. 
precoding. Aiccording to it, the p^ace of any point 
of m object seen by red^ection, i^ alfmyi th0 intaiv 
seotiqn i^th^ redeoted ray, with this^ perpei^iriBr 
dr^wn ftom lAat point to the mflecting m&ca^ 
The proof offered is obscure and dofisirtiye ; thu 
propofltion, bowever, 19 true, of plane upeoul^ j9Jway9»; 
ttid of fi^hom^) as i@Nr as iVi^Ud's in^s)iigfiiionr 
«$:t9Pd^d, tb^ in, while the raya ftU on the ^peeN^ 
bm with no gres^t oUiquity^ His adsumptiont' 
th^refpr/e, did not affect the truth <^hi9 condtmom^- 
tjWHigb it would have been a very un^e guid^ m 
mon^ general investigation^. The book ia in nmi- 
ny ot^er re^peets imperfect, the reasoning often 
un^ound^ and the whole hardly worthy of the great 
geom^ior whose nam/e it b^rs. Zlb^w is, bowt- 
ev^r, no doubt that ^l^uclid wi^ofte on Uia aubjiect 0^ 
optica, and mmy have supposed that this tr^tise m 
a ^care)^ss e^ifcract, or an unskilful abridgment oi 
tite /original wQik, 

Antjipity furnisbed ancH^her mathemftticaji txsA* 
tise on optics, that of the astronomer Ptcdemy. 
This treatise, though known in the saiddl^ i\gGfl» 
and <|UOt^ by Roger Baepn, had disappeared^ an^ 
was supposed to be entirely lost, tiU witbio these 
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few years, when a manuscript on optics, profefisin^ 
to be the work of Ptolemy, and to be translated 
from the Arabic, was found in the King's Library 
at Puns, llie most valnaUe part of this woik is 
that which relates to refraction, from whence it ap 
pears that many experiments had been made on 
that subject, and the angles of incidence and re^ 
fraction, for different transparent substances, ob- 
served with so much accuracy, that the same ntkf 
very nearly of the sines of these angles, from air in- 
ta water, or into glass, is obtained from Ptolemy's 
mitnberi^ which the repeated experiments of later 
times hat« shown to be true. The woi'k, however, 
in the state in which it now appears^ is very obscure^ 
the reasoning oflten deficient in accuracy, and the 
mathematical part much less perfect than might 
have been expected. Modem writers, presuming 
partly on the reputation of Ptolemy, and partly 
guided by the authority of Roger Bacon, had as^ 
cribed to this treatise more merit than it appears ta 
possess ; and, of consequence, had allowed less to 
the Arabian author Alhazen, who. comes next in 
the order of time, than of right belongs to him. 
Montucla, on the authority of Bacon, says, that 
Ptolemy ascribed the increase of the apparent mag- 
nitude of the heavenly bodies near the horizon, to 
the greater distance at which they are supposed to 
be, on account of the number of intervening ob- 
jects across which they are seen. Ptolemy's expla^ 

10 
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nation, however, as stated by Delambre, * from the 
manuscript just mfptiouedy is quite di£feretit from 
this, and amounts to no more than the vague and 
unsatisfactory remark, that an observer looks at the 
bodies near the zenith in a conistrained posture, and 
in a situation to which the eye is not accustomed. 
The former explanation, therefore, given by Alha-* 
Ben, but supposed to have been borrowed from Pto- 
lemy, must now be returned to its right owner* 
It is the best explanation yet known. 

These are the only mathematical treatises on 
optics of any consideration which the ancients have 
transmitted to us ; f but many metaphysical spe- 



* Connaissance des Terns, 1816, p. 245, &c. The glimpses 
of truth, not destined to be fiilly discovered till many ages 
afterwards, which are found in the writings of the ancients, 
are always interesting. Ptolemy distinguishes what has 
since been called the virtual focus, which takes place in cer- 
tain cases of reflection from spherical specula. He remarks, 
that colours a^e confounded by the rapidity of motion, and 
gives the mstance of a wheel painted with different colours, 
and turned quickly round. 

f Another Greek treatise on optics, that of Hdiodorus qf 
Larissa, has been preserved, and was first published by 
Erasmus Bartholinus at Paris, in 1657- It is a superficial 
. work, which, to a good deal of obscure and unsoiuid meta- 
physics, adds the demonstration of a few very obvious truths. 
The author holds the opinion, that vision is performed by 
the emission of something from the eyes; and the reason 
which he assigns is, that the eyes are convex, and more 
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on light and vinon are to be fimnd in 
(ibe mitings of the philosopbav. Aristode diifia 
ed liglrit mndi m he had defined motioiii ike 
vr energy <fu fransparent hodi/^ in Mwmckm^U 
is tramparefO^ Hie reasea for <»ni]]g t^fat «i 
ikA of a tntn^rent body is, that, dumgh n fa^^ 
Hfiay be transparent in power or capadty^ it does 
net become actually transparemt but by meang «f 
light. Light brings the transparency into acfimi { 
it is, theref(n*e, the act ikT « tramE^arent body« In 
«ttch miserable pnerililies did the genius of this 
^reat man exhaust itself, owing to the unfortmate 
iSirectaon ifi which his reseani^hes were caniod 
on. 

In his farther speculations concerning light, he 
denied it to be a substance; and his argument 
contaifis a sis^nkr mixture of the iafEenioua aad 
1^ «bs«^ m thBe. he says. inTwch light 
qpreads from one place to another is infinitely 
small, 50 that %ht has a velocity which is infinite- 
Jy freat Now, bodies move with a velocity in- 
versely as the quantities of matta: which th^ eon- 
tam ; %ht) therefore, cannot contain any aaatler, 

adapted to emit than to receive. His metapliysics nn^ 
be judged of from tihls specimen. He has not been made 
mention of by any ancient author^ and the time when lie 
"wrote is unknown. As he quotes^ however, the writings of 

Ptolemy and Hero, he must have been later than the first 
century. 



ptrrac AL SCIENCE. sas 



tiiat it, it 'Canmt be material. ^ That the vdeeity 
af ligbt was mfiniieiy great, seemed to him to fol* 
lew ftom this, that its pn^ress, estimated either in 
fto divection of north and south, or of east add 
west, appeared to be instantaneous. In tkt opi«> 
irion of tlie Flatcmists, and of the greater part of 
the ancients, vision was performed by means o£ 
eortain rays whk^ proceeded from the eye to the 
object, tbou^ they did not become the instru^ 
ilients of eon?eying sensations to the mind, but in 
«OB8eqiienoe of the presence of light. In this the* 
4Mry, vfB can now ae^ nothing but a rude and hasty 
ittfeeflipt to aiiimilate the sense of sight to that of 
toudi, without inquiring sufficiently into the par- 
dmisr ^iiaraeters of either. 

Spicuras, and the philosophers of his school, as 
we Umn from ILucretius, ^tertained more conect 
jiotions of vigien, diough they wece «tiil far from 
ike truth. 'Hiey conceived vision to be perform- 
'Od in ilbnsequenoe of certain stmulacroj or images 
oonUnuaUy ^^ixcomtL dS from the suifaces of bodies, 
aad entering the eye^ This was the substitute in 
^iheir philosophy for rays of light, and had at least 
4lie merit of representing that which is the medium 
of vision, or whicb forms the communicati(»i bt- 

« r m I  " ! ■■■»■■  w I I I 1 1   I >   1 1 I J. i w I 

• The truth of the mathematical proposition, that r-p=0, 

was percwved by Aristotle. A strong intellect i® always 
visible in tibe midst of his greatest errors. 
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tween the eye and external objects^ aa something 
proceeding from the latter. Xbe idea of Simula^ 
Cray or spectra^ flying off continually from the 
surfaces of bodies, and entering the eye, was per- 
haps as near an approach to the true theory of n- 
nott as could be made before the structure of tibe 
eye was understood. 

In the arts connected with optics» the ancients 
had made some progress. They were sufficiently 
acquainted with the laws of reflection to construct 
mirrors both plane and spherical. They made 
them also conical ; and it appears from Plutarcb, 
that the fire of Vesta, when extinguiidiedi was not 
permitted to be rekindled but by the rays of the 
sun, which were condensed by a conical spe<!falum 
of copper. The mirrors with which Archimedes 
set fire to the Roman gallies have been subjects of 
much discussion, and the fact was long disbelieved, 
on the ground of being physically impossible. The 
experiments of Kircher and Buffon showed that 
this impossibility was entirely imaginary, and that 
the effect ascribed to the specula of the Gredc 
geometer might be produced without much diffi- 
culty. There remains now no doubt of their 
reality. A passage from Aristophanes * gives 
reason to believe that, in his time, lenses of glass 
were used for burning, by collecting the rays of 

*^— ^1^— — ^^^—  I ■■!   11  1  [■■■■111. —  !■■ ..j.^ M I ,0^m »■   .1—  I  I      I   .^1— ^^i^— ^— 

 In Nubibuj8> Act. 2, sc. 1. v. 2a 
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the son ; but in a matter that concerns the history 
of science, the authority of a comic poet and a 
satirist would not deserve much attention, if it 
Were not confirmed by more sober testimony. 
Pliny, speaking of rock crystal, * says that a globe 
or ball of that substance was sometimes used by the 
physicians for collecting the rays of the sun, in 
order to perform the operation of cautery. In 
another passage, he mentions the power of a glass 
globe filled with water, to produce a strong heat 
when exposed to the rays of the sun, and express^ 
es his surprise that the water itself should all the 
while remain quite cold. 

With respect to the power of glasses to magnify 
objects seen through them, or to render such ob- 
jects more distinct, the ancients appear to have 
observed ill, and to have reasoned worse. " Literas 
quamvis miuutse et obscurse per vitream pilam aqua 
plenam majores clarioresque cemuntur. Sidera 
ampliora per nubem adspicienti videntur : qtda 
acies nostra in humido labitur, nee apprehendere 
quod vultjideliter potest.** t This pa^isage, and 
the speculations concerning the rainbow in the 
same place, when they are considered as contain- 
ing the opinions of some of the most able and best 

informed men of antiquity, must be admitted to 

^ - - • —  —  

* Hist. Nat. Lib. 37- cap. 10. 

t Seneca^ Nat. Quest Lib. i. cap. 6. 
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Qurky in a very striking manneri the mfwcy i^f 
the [^ysical sciences. 



Q. From AhUASBH to Ksplbiu 

An interval of nearly a thousand years divided 
Ptolemy from Alhaz^vk, who^ in the histcny ^f op 
tied discovery^ ^p^ars as his iiqmediate ^uisofH^. 
This ingenious Aralnan lived in the el6v#n(;h c^f 
tury, and his merit can be mor^ fairly^ ^nd vii^, he 
more highly appreciated^ now t^^at the worik of ^ 
predecessor has become known. The merjit <xf ^ 
book op C^>tics w^ always admitted, but he was 
jsupposed to hav^ borrowed much from Ft^rffimyy 
wkhout acknowledging it ; and i}xe prejudices en- 
tertained in favour of a Greek author, espedally of 
one who bad been for so many years a legidator in 
^ence, gave a false impressicm, both of the genw 
and the integrity of his modem rival. The wqA 
of Alhazen is, nevertheless, in many respects, su- 
perior to th^ of Ptolemy, and in nothing more 
thm in the geometiy which it employs* The 
^oUem jknowp by his i;iame, to find the point in » 
sphejrical speculum, at which a ray coming £ro0i 
pn^ given point shall be reflected to another giv)^ 
point, is very well resolved in his book, though a 
problem of so much difficulty, that Montupla 
hazards the opinion, that no Arabian geometer was 
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ever equal to the solution of it. * It is now cer- 
taini howeyer, that the solution, from whatever 
quarter it came, was not borrowed from Ptolemy, 
in- whose work no mention is made of any such 
question ; and it may very well be doubted, whe- 
dieft had tins problem been proposed to him, the 
Gride geometer would have appeared to as much 
advantage as the Arabian. 

Hh^ aecount which the latter gives o£ the aug*. 
mentation of the diameters of the heavenly bodies 
near the horizon has been already mentioned. He 
traated also of the refraction of light by transparent 
bodiea, and particularly of the atmospheric refrac^ 
tion^ but not with the precision of Ptolemy, whose 
Optical treatise Delambre seems to think it proba** 
Ue that he had never seen. The anatomical struc^ 
ture of the ^ye was known to him ; concerning the 
uses ci£ the different parts he had only conjectures 
to offi^r 5 bat on seeing single with two eyes, he 

' — -■ — *^ '''■ - ' ^^'- -' - y . . - . -..- ^-^^ -^ 

* Bttrrow^ in hid 9th lecture^ says €l£ this Problem^ that it 
may trulj be oeUed ^(ffi^fixo^vov, as hardly any one more diffi- 
cult had then been attempted by geometers* He adds^ that^ 
after trying the analysis in many different ways, he had 
found nothing preferable to the solution of Alhazen, which 
he therefore gives, only freed from the prolixness and ob- 
scurity with which the original is chargeable. Leciumes 
OpticdBy Sect. 9. p. 65. A very elegant solution of the same 
problem is given by Simson, at the end of his Conic Sec- 
tions. 
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made this very important remark, that, when cor* 
re3ponding parts of the retina are affected, we per- 
ceive but one image. 

Prolixity and want of method are the fiuilts of 
Alhazen. Vitello, * a learned Bole^ commented 
on his works, and has very much improved their 
method and arrangepient in a treatise published in 
1270. He has also treated more fully of the sub* 
ject of refraction^ and reduced the results of bis. ex- 
periments into the form of a table exhibiting the 
angle3 of refraction corresponding to the an^es of 
incidenjpe> which he had tried in water and glass* 
It wa3 not, however, til} long after this period 
that the law which connects these angles, was .diB? 
cpveredt The cause of refraction appeared to him 
to foe the re^istwce which the rays suffer in pussing 
into the denser medium of water or glass, and one 
can see in his reasoning an obscure idea of the re- 
^solution of forces. He als^ treaty of the rainbow, 
and remarks, that the altitudes of the sun and bow 
together always amount to 42 degrees. He next 
considers the structure of the eye, of which he has 
given a tolerably accurate description, and proves, 
as Alhazen had before done, f that vision is mjt 
performed by the emission of rays from the eye. 

* The name of this author is commonly written VUelUQ- 
He may be supposed to have known best the orthography 
of iiis own name. 

t Alhazen J Opt. Lib. 1. 
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Rogfer Bacon, distinguished for pursuing the 
path of true philosophy in the midst of an age of 
ignorance and error, belongs to the same period ; 
and applied to the study of optics with peculiar di- 
ligence. It does not appear, however, that he ad- 
ded .much to the discoveries of Alhazen and Pto- 
lemy, with whose writings, particularly thoi^ of the 
former, he seems to have been well acquainted. In 
some things he was much behind the Arabian op- 
tician, as he supposed with the ancients that vision 
as performed by rays emitted from the eye. It 
must, however, be allowed, that the arguments 
employed on both sides of this question are so weal^ 
und inconclusive, as very much to diminish the me- 
rit of being Fight, and the demerit of being wrong. 
What is most to the credit of Bacon, is the near 
aj^roach he ajppears to have made to the knowledge 
of lenses, and their use in agisting vision. Alha* 
zen had remarked, that small objects,^ letters, for 
inst^ce, viewed through a segment of a glass 
sphere, were seen magnified, and that it is thp 
larger segment which magnifies the most. The 
spherical segment was 3upposed to be laid with its 
base on the letters, or other minute objects which 
were to be viewed. Bacon recommends the smalls 
er segment, and observes, that the greater, though 
it magnify more, places the object farther off than 
its natural position, while the other brings it near- 
er. , This shows '^suflSciently, that he knew how t^ 
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trace the progress of the rays of li^t through a 
spherical transparent bodyi and understood^ what 
was the thing least obvious, how to determine the 
pliaoe of the image. Smith, in his Optics, endea- 
tours to show, that these conclusions were purely 
theoretical, and that Roger Bacon had never made 
atiy experiments with such glasses, notwithstanding 
that he speaks as if he had done so. * This severe 
remark proceeds on some slight inaccuracy in Ba- 
coki's description, which, however, does not seem 
sufficient to authorize so harsh a conclusion. The 
probability appears rather to be, as Molineux sup- 
posed^ that Bacon had made experiments with such 
glasses, and was both practically and theoretically 
acquainted with their properties. . At the same 
timei it must be acknowledged, that his credulity 
on many points, and his fondness for the marvel- 
lous, which, with every respect for his talents, it is 
impossible to deny, take something away from the 
force of his testimony, except when it is very ex- 
pressly given. However that may be in the pre- 
sent case, it is probable, that the knowledge of the 
true properties of these glasses, whether it was 
theoretical or practical, may have had a share in in- 
troducing the use of lenses, and in the invention of 
spectacles, which took place not long after. 

It would be desirable to ascertain the exact pe- 



  



• Smith's Optics, Vol. II. Remarks, § 76. 
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rtod of an invention of such singular utility as this 
last ; one that diffuses its advantages so widely, and 
that contributes so much to the solace and comfort 
of old age, by^ protecting the most intellectual of the 
senses against the general progress of decay. In 
the obscurity of a dark age, careless about record- 
ing discoveries of which it knew not the principle 
or the value» a few faint traces and imperfect indi- 
cations serve only to point out certain limits within 
which the thing sought for is contained. Seeking 
for the origin of a discovery, is like seeking for the 
source of a river where innumerable streams have 
claims to the honour, between which it is impossi- 
ble to decide, and where the only thing that can 
be known with certainty is the boundary by which 
they are all circumscribed. The reader will find 
the eyidence concerning the invention of spectacles 
very fully discussed in Smith's Optics, from which 
the most p](obable conclusion is,^ that the date goes 
jack to the year 1313, and cannot with any certain- 
ly be traced farther. * 

The lapse of more than two hundred years 
:>rixigs us down to Maurolycus, and to an age when 
men of science ceased to be so thinly scattered over 
the wastes of time. Maurolycus, whose knowledge 
3f the pure mathcBoatics has been already mention- 

* &Dith's Optics, Vol. II. R^marks> § 75. 
VOL. II. Q 
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ed, was distinguished for his skill in optics. He 
was acquainted with the crystalline lens, and con- 
ceived that its office is to transmit to the optic nerve 
the species of external objects ; and in this process 
he does not consider the retina as any way ccm- 
cemed. This theory, though so imperfect^ led 
him nevertheless to form a right judgment of the 
defects of short-sighted and long-sighted eyes. In 
one of his first works, Theoremata de Lumine et 
Umbra, he also gives an accurate solution of ji 
question proposed by Aristotle, viz. why the light 
of the sun, admitted through a small hole, and re- 
ceived on a plane at a certain distance from it, al- 
ways illuminates a round space, whatever be the 
figure of the hole itself, whereas, through a large 
aperture, the illuminated space has the figure of 
the aperture. To conceive the reason of this, 
suppose that the figure of the hole is a triangle ; it 
is plain that at each angle the illuminated space 
will be terminated by a circular arch of which the 
centre corresponds to the angular point, and the 
radius to the angle subtended by the sun's semidi- 
ameter. Thus the illuminated space is rounded 
off at the angles ; and when the hole is so small 
that the size of those roundings bears a large pro- 
portion to the distance of their centres, the figure 
comes near to a circle, and may be to appearance 
quite round. This is the true solution, and the 
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same with that of Maurolycus. The same author 
appears also to have observed the caustic curve 
formed by reflection from a concave speculum. 

A considerable step in optical discovery was 
made at this time by Baptista Porta, a Neapolitan^ 
who invented the Camera Obscuraj about the 
year 1560, and described it in a work^ entitled 
Magia Naturalis. The light was admitted through 
a small hole in the window-shutter of a dark room, 
and gave an inverted picture of the objects from 
which it proceeded, on the opposite wall. A 
lens was not employed in the first construction 
of this apparatus, but was afterwards used ; and 
Porta went so far as to consider how the effect 
might be produced without inversion. He ap« 
pears to have been a man of great ingenuity ; and 
though much of the Magia Naturalis is directed 
to frivolous objects, it indicates a great familiarity 
with experiment and observation. It is remark- 
able, that we find mention made in it of the reflec- 
tion of cold by a speculum,^ an experiment 
which, of late, has drawn so much attention, and 
has been supposed f,o be so entirely new. The 
cold was perceived by making the focus fall on the 
eye, which, in the absence of the thermometer, 

was, perhaps, the best measure of small variations 

    

* Magia Naturalis^ Lib. 17. cap. 4. p. 583. Amsterdam 
edil* 1664. 
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of teipperature. Porta's book ^as extremely po- 
pular ; and when we find it quickly tr^nslat^d into 
Italian, French, Spanish, and Arabic, we see how 
much the love of science was now excited, and 
ftrhat effects the art of printing was now beginnii^ 
to produce. Baptista Porta was a man of fortune, 
and his house was so much (he resort of the cu- 
rious and learned at Naj^es, that it awakened t;[^ 
jealousy with which the cpurt of Bpno^ maUfjiyA 
the progress of improvement. Hp,w grievpus it js 
to observe the head of the Chri$tiai| chun^ is 
that and the succeeding age, like the A^^rch oH 
in Milton, reigning in the midst o^ darkne«i» and 
pQpipIaixiing of the encroachments which tbe real^ 
of light waa continually making on his anci^nt eqir 
pire! 

The constitution of the eye, and the functiow 
of the different parts of which it consists, W(Bre not 
yet fully understood. Maurolycus had nearly ^ 
covered the secret, and it was but a thin, thoiigbf 
to him, an impenetrable veil, which still concealed 
one important part of the truth. This veil MW 
drawn aside by the Neapolitan philosopher} but 
the complete discovery of the truth was l^ft to 
Kepler, who, to the glory of finding out thp true 
laws of the planetary system, added that of fin^ 
analyzing the whole scheme of nature in the struc- 
ture of the eye. He perceived the exact resem- 
blance of this organ to the dark chamber^ the 
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rays entering the pupil being collected by the 
ciystalline I(ins^ aiiid the bther huniours of the eye, 
into focif Which paiiit Oh the retina the inverted 
images of external objects. By another step of 
the process^ to which our anatlyi^d cslii never be ex- 
pected td extelid, the liiihd perc^trl^^ the' images 
thiis fbhhed, ind refers theiii at the same titeie 
to things without. 

It seem^ a ^jteit difficulty, that, tliough the 
nnii^ be inverted, the objects are seeti erect ; but 
w^n it is considered that each point in the object 
d^ l«eA in the direction of the line in Which the 
light passes from it to the retina, through the' 
eehfte tff the fe^re^ it will appear that the upright 
iKA^tion of thS ol^^ct is a necessary consequence of 
this arrahgeitfenfi; 

K^Iet's disctffiery is explalined in his JParalipo* 
ffiena in VitelUonUm, * (Rfemarfcs on the Optifcs df 
Vitello,) ^ Work of great genius, abounding with 
neW and ehhr^d view$, though mixed otcasionatli 
ly with sottie \ihsound and trisffonary speculations. 
This bdok apfterfred m 1604. In the next article 
we shall have occasion to return to the considera- 
tiofc of other parts of Kepler's optical discoveries. 



* Caput b» de Modo Visionis. 
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d. ]Pi(OM Kepler to the coMMENCEHSirr of 
Newton's QpTiqAL Discoveries. 

The rainbow had, from (he earliei^ tunes, been 
Wl object of interest with (hose who bestpwe4 at- 
tention on optical appi^arancesy but it is much tpo 
complicated a phenomenon to be eficoly ei^plainejf. 
Jin general, however, it was understood tq arise 
ffom light reflected by the drops of rain fidling 
from a cloud opposite to the sun. The difficulty 
seemed to be hpw to account for the colour, whicl^ 
is never produced in white light, jsuch as that of 
the sun, by mere reflection. Maurolycus a^vanoe^ 
a considerable step when he supposed that th^ 
light enters the drop, and acquires colour by 
refraction ; but in tracing the course pf the ray he 
was quite bewildered. Others supposed the refrac- 
tion and the colour to be the e£fect of one drop^ 
and the reflection of another ; so that two refrac- 
tions and one reflection were employed, but iq 
such a manner as to be still very remote froin the 
truth. 

Antonio de Dominis, Archbishop of Spalatro, 
had the good fortune to fall upon the true explana- 
tion. Having placed a bottle of water opposite to 
the sun, and a little above his eye, he saw a beam 
pf light issue from the under side of the bottle^ 



PHYSICAL 6CUSNCK. 24? 

which acquired different coloiirsy in the same order, 
and with the same brilliancy as in the rainbow^ 
when the bottle was a little raised or depressed. 
From comparing all the circumstances, he perceiv*> 
ed that the rays had entered the bottle, and that, 
after two refractions from the convex part, and 
a ireflection from the concave, they were returned 
to the eye tinged with different colours, according 
to the angle at which the ray Jiad entered. The 
rays that gave the same colour made the same 
angle with the surface, and hence all the drops 
that gave the same colour must be arranged in 
a cirde, the centre of which was the point in 
the doud opposite to the sun. This, though not a 
complete theory of the rainbow, and though it left 
a great deal to occupy the attention, first of Des- 
cartes, and afterwards of Newton, was perfectly 
just, and carried the explanation as far as the prin-* 
ciples then understood allowed it to go. The 
discovery itself may be considered as an anomaly 
in spieTice, as it is one of a very refined and subtle 
nature, jn&de by ^ map who has given no other in- 
dication of much scientific sagacity or acuteness. 
In many things his writings show great ignorance 
of principles of optics well known in his own time, 
so that Boscovich, an excellent judge in such mat- 
ters, has said of him, ** homo opticarum rerum, 
3upra. id quod patiatur ea setas imperitissimus.*' 
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The book containing tliis discovery was published 
in 1611.* 

A discovery of the same period, but somewhat 
earlier, will always be considered as among the 
most remarkable in the whole circle of hmnan 
knowledge. It is the invention of the telesc(^, 
the work in which, (by following unconsciously the 
plan of nature in the formation of the eye,) man 
has come the nearest to the construction of a new 
organ of sense. For this great invention, in its 
original form, we are indebted to accident, or 
to the trials of men who had little knowledge of 
the principles of the science on which they were 
conferring so great a favour. A series of scientific 
improvements, continued for more than two hun- 
dred years, has continually added to the perfection 
of this noble instrument, and has almost entitled 
science to consider the telescope as its own prodoc- 
tion. 

It will readily be believed, that the origin of such 
an invention has been abundantly inquired into. 
The result, however, as is usual in such cases, has 
.not been quite satisfactory ; and all that is known 
'^th certainty is, that the honour belongs to the 
town of Middleburgh in Zealand, and that the 



• De Radiis Lucis in Vitris perspectivia et Iride — Vene- 
tiis^ in 4?to. 
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ditte is between the last ten years of the sixteenth 
century, and the first ten of the seventeenth. Two 
different workmen belonging to that town, Zacha- 
riah Jans, and John Lapprey, have testimonies in 
thieir favour between which it is difficult to decide ; 
the former goes back to 1590, the latter comes 
dowti to about 1610. It is not of much conse-* 
^tience to settle the priority in a matter which is 
purely accidental ; yet one would not wish to for- 
get or mistake the names of men whom even chance 
had rendered so great benefactors to science. What 
we know with certainty is, that the account of the 
effect produced by this new combination of glasses 
being carried to Galileo in I6IO, led that great 
philosopher to the construction of the telescope, 
and to the interesting discoveries already enumerate 
ed. By what principle he was guided to the com- 
bination, which consists of one convex and one 
concave lens, he has not explained, and we cannot 
now exactly ascertain. He had no doubt observ- 
ed, that a convex lens, such as was common in 
sspectacles, formed images of objects, which were 
fistinctly seen when thrown on a waD or on a 
screen. He might observe also, that if the imager 
instead of falling on the screen, were made to fall 
on the eye, the vision was confused and indistiUM* 
In the trials to remedy this indistinctness, by means 
of another glass, it would be found that a concave 
lens succeeded when placed before the eye, the eye 
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itself being also a little more advanced than the 
screen had been. 

This instmmenty though very imperfect, com- 
pared with those which have been since construct-^ 
ed» gare so much satisfaction, that it remained long 
without any material improrement. Descartes, 
whose treatise on Optics was written near thirty 
years after the invention of the telescope, makes no 
mention of any but such as is composed of a convex 
object-glass, and a concave eye-glass. The theory 
of it, indeed, was given by Kepler in his Dioptrics, 
(1611,) when he also pointed out the astronomical 
telescope, or that which is composed of two convex 
lenses, and inverts the objects. He did not, how- 
ever, construct a telescope of that kind,* which 
appears to have been first done by Scheiner, who 
' has given an account of it in the JRosa Uruna^ (in 
1650,) quoted by Montucla. * 

After the invention of the telescope, that of the 
microscope was easy ; and it is also to Galileo that 
we are indebted for this instrument, which discovers 
an immensity on the one side of num, scarcely less 
wonderful than that which the telescope discovers 
on the other. The extension and divisibility 
matter are thus rendered to the natural philosopher 
almost as unlimited as the extension and the divisi- 
bility of space are to the geometer. 

• Vol.11, p. 234, 2d edit. 
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The theory of the telescope, now become the 
main object in optical science, required that the 
law of refraction should, if possible, be accurately 
ascertained. This had not yet been effected, and 
Kepler, whose Dioptrics was the most perfect trea- 
tise oh refraction which had yet appeared, had been 
unable to determine the general principle which 
eonneetsthe angles of incidence and refraction. In 
the case of glass, he had found by experiment, that 
those angles, when small, are nearly in the ratio of 
three to two, and on this hypothesis he had found the 
focus of a double convex lens, when the curvature 
of both sides is equal, to be the centre of curvature 
of the side turned toward the object, — a proposi- 
tion which is known to coincide with experiment. 
From the same approximation, he derived other 
conclusions, which were found useful in practice, in 
the cases where the angles just mentioned were 
very small. 

The discovery of the true law of refraction was 
the work of Snellius, the same mathematician whose 
hibours concerning the figure pf the earth were be- 
fore mentioned. In order to express this law, he 
supposed a perpendicular to the refracting surface, 
at the point where the refraction is made, and also 
another line parallel to this perpendicular at any 
given distance from it. The refracted ray, as it 
proceeds, will meet this parallel, and the incident 
»Y is supposed to be produced, till it da so like^ 
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wise. Now, the general truth which Snellias ftund 
to hold^ whatever was the position of the incideiit 
ray, is, that the s^ments of the refracted ray and 
of the incident ray, intercepted by these paitHdh^ 
had always the same ratio to one another. If dtheir 
of the media were changed, that through which the 
incident ray, or that through which the refracted 
ray passed, this ratio would be changed, biit white 
the media remained the same, the ratio confinuiid 
unalterable. It is seldom that a general truth ii^ 
iBeen at first under the most simple aspect : this klf 
adtnits of being tnore simply expressed, for^ in the 
triangle formed by the two segments of thef np^ 
and by the parallel which they intersect, the s»d 
segments have the same ratio with the sines of the 
opposite angles, that is, with the sines of the aisles 
of incidence and refraction. The law, therefore, 
comes to this, that, in the refraction of light, by 
the same medium, the sine of the angle of incidence 
has to the sine of the. angle of refraction always the 
same ratio. This last simplification did not occirr 
to Snellius ; it is the work of Descartes, and iMR 
first given in his Dioptrics^ in 16S7, where no men- 
tion is made of 8nellius, and the law of refraction 
appears as the disfcovery of the author. This na- 
turally gave rise to heavy charges against thei Cffli- 
dour and integrity of the French philosopher^ The 
work of Snellius had never been published,, and the 
author himself was' dead ; but the proposition jsst 
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referred to had been communicated to his friends, 
and had been taught by his countryman, Professor 
Hortensius, in his lectures. There is no doubt, 
therefore, that the discovery was first made by Snel- 
lius, but whether Descartes derived it from him, 
or was himself the second discoverer, remains un-^ 
decided. The question is one of those, where a 
man's conduct in a particular situation can only be 
rightly interpreted from his general character and 
behaviour. If Descartes had been uniformly fair 
and candid in his intercourse with others, one would 
have rejected with disdain a suspicion of the kind 
just n^entioned. But the truth is, that he appears 
throughout a jealous and suspicious man, always in- 
clined to depress and conceal the merit of others. 
In speaking of the inventor of the telescope, he 
has told minutely all that is due to accident, but 
has passed carefully over all that proceeded from 
design, and has incurred the reproach of relating 
the origin of that instrument, without mentioning 
the name of G^ileo. In the same manner, he 
omits to speak of the discoveries of Kepler, so 
nearly connected with his own ; and in treating of 
the rainbow, he has made no mention of Antonio 
de Dominis. It is impossible that all this should 
not produce an unfavourable impression, and hence 
it is, that even the warmest admirers of Descartes 
do not pretend that his conduct toward Snellius 
can be completely justified. 
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Descartes would have conceived his philosophy 
to be disgraced if it had borrowed any general 
principle from experience, and he therefore deri- 
ved, or affected to derive, the law of refraction 
from reasoning or from theory. In this reasonings 
there were so many arbitrary suppositions concern- 
ing the nature of light, and the action of transpa- 
rent bodies, that no confidence can be placed in the 
conclusions deduced from it. It is indeed quite 
evident, that, independently of experiment, Des- 
cartes himself could have put no trust in it, and ft 
is impossible not to feel how much more it would 
have been for the credit of that philosopher to have 
fairly confessed that the knowledge of the law was 
from experiment^ and that the business of theory 
was to deduce from thence some inferences with re- 
spect to the constitution of light and of transparent 
bodies. This I conceive to be the true method of 
philosophizing, but it is the reverse of that which 
Descartes pursued on all occasions. 

The weakness of his reasoning was perceived and 
attacked by Fermat, who, at the same time, was not 
very fortunate in the theory which he proposed to 
substitute for that of his rival. The latter had laid 
it down as certain, that light, of which he suppos- 
ed the velocity infinite, or the propagation instan- 
taneous, meets with less obstruction in dense than 
in rare bodies, for which reason, it is refracted to- 
ward the perpendicular, in passing from the latter 

n 
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into the former. This seemed to Fetmat a very 
improbable supposition, and he conceived the con- 
trary to be true^ viz. that light in rare bodies has 
less obstruction, and moves with greater velocity 
than in dense bodies. On this supposition, and 
appealing, not to physical, but to final causes, Fer- 
mat imagined to himself that he could deduce the 
true law of refraction. He conceived it to be a 
fact that light moves always between two points, so 
ad to go from the one to the other in the least time 
possible. Hence, in order to pass from a given 
point in a rarer medium where it moves faster, to 
a given point in a denser medium where it moves 
slower, so that the time may be a minimum^ it 
must continue longer in the former medium than 
if it held a Rectilineal course, and the bending of 
its path, on entering the latter, will therefore be 
toward the perpendicular. On instituting the cal- 
culus, according to his own doctrine of maxima 
and minima^ Fermat found, to his sui'prise, that 
the path of the ray must be such, that the sines of 
the angles of incidence and refraction have a con- 
stant ratio to one another. Thus did these philo- 
sophers, setting out from suppositions entirely con- 
trary, and following routes which only agreed in 
being quite unphilosophical and arbitrary, arrive, 
by a very unexpected coincidence, at the same con- 
elusion. Fermat could no longer deny the law of 
refraction, as laid down by Descartes, but he was 
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less than ever disposed to admit the justDcss' pf hi) 
reasoning. 

Descartes proceeded from this to a problem 
which, though suggested by optical considenktioofl, 
was purely geometricaU and in which his reseafc)^ 
es were completely successful. It was well knowib 
that, in the ordinary* cases of refraction by spheri- 
cal and other surfaces, the rays are not collecteii 
into one point, but have their foci spread over s 
certain surface, the sections of which are the curv^ 
called caustic curves, and that the focus of opti- 
cians is only a point in this surface, where the rays 
are more condensed, and, of course, the illuminah 
tion more intense than in other parts of it. It is 
plain, however, that if refraction is to be employe^ 
either for the purpose of producing light or heat, it 
would be a great advantage to h^ve all the rays 
which come from the same point of an object unllr 
ed accurately, after refraction, in the same point ef 
the image. This gave rise to an inquiry inta thp 
figure which the superficies, separating two trans- 
parent media of different refracting powers, must 
have, in order that all the rays diverging from a 
given point might, by refraction at the said super- 
ficies, be made to converge to another given point.^ 
The problem was resolved by Descartes in its hJi 
extent ; and he proved, that the curves, proper for 

* Cartesli Dioptrices, cap, Svum ; Geometria, lib. ^dus. 
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^nerating such superficies by their revolution, are 
all comprehended under one general character, viz. 
that there are always two given points, from which^ 
if straight lines be drawn to any point in the curve, 
the one of these, plus or minus that which has a 
B[iven ratio to the other, is equal to a given line. 

It is evident, when the given ratio here mention* 
d is a ratio of equality, that the curve is a conic 
ection, and the two given points its two foci. 
rhe curves, in general, are of the fourth or the 
lecond order, and have been distinguished by the 
lame of the dvals of Descartes. 

From this very ingenious investigation no prac- 
ical result of advantage in the constructioi^ of leus- 
» has been derived. The mechanical difficulties 
If working a superficies into any figure but a sphe- 
rical one are so great, that, notwithstanding all the 
sflK>rts of Descartes himself, and of many of his fol- 
lowers, they have never been overcome, so th^ the 
great hnprovements in optical instruments have 
arisen in a quarter entirely different. 

Descartes gave also a full explanation of the rain- 
bow,* as far as colour was not concerned, a part of 
the problem which remained for Newton to resolve^ 
The path of the ray was traced, and the angles of 
the incident ray, with that which emerges after two 
refractions and one reflection, was accurately deter- 



* Meteoruno;, cap. Svum, 
VOL. II. R 
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mined. Deschutes paid little attention to those who 
had gone before him» and, as already Tematicedy n^ 
ver once mentioned the Archbiahop of Spalatra 
Like Aristotle, he seems to hare fonned the de- 
sign. of cutting off the memory of all his predeoen- 
sors, but the invention of printing had made tUs 
a far more hopeless undertaking than it was in the 
days of the Greek philosopher. 

After the publication of the Dioptrics of D» 
cartes, in l6S7, a considerable interral took place, 
during which optics, and indeed science in genoal, 
made but little progress, till the Optica Cronota it 
James Gregory, in 1663, seemed to put them again 
in motion* The author of this work, a prafound 
and inventive geometer, had applied diligently to 
the study of optics and the improvanent of optical 
instruments. The Optica IVomota embraced le- 
veral new inquiries concerning the illumination and 
distinctness of the images formed in the fod cf 
lenses, and contained an account of the Reflecting 
Telescope still known by the name of its anthor. 
The consideration which suggested this instrument 
was the imperfection of the images formed by sphe* 
rical lenses, in consequence of which, they are not 
in plane, but in curved surfaces. The desire of re- 
moving this imperfection led Gregory to suhstitute 
reflection for refraction in the construction of teie* 
scopes ; and by this means, while he was sedcmg to 
remedy a small evil, he provided the means of 
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anftoiding a muck greater one, with which he was 
iMt yet aeqaaiiited, viz. that which arises from the 
unequal refititigibility^ of light. The attentioQ of 
Newton was about the same time drawn io the same 
olgeety but with a perfect knowledge of the defisct 
which he wanted to remove* Gregory thought it 
neoesstoy that the specula should be of a parabolic 
Bgate ; and the execution proved so difficult, that 
die instrument, during his own life, was never 
brought to any perfection. The cfiecula were after- 
imopdB constructed of the ordinary spherical form, 
and the Gr^wiau telescope, till the time of Dr 
Hersehei, was more in use than the Newtonian. 

Gtegory was IVofessor of Mathematics at St An- 
drews, and afterwards for a short time at £din« 
burgh. His writings strongly maiic the imperfect 
iaieneonrse which subsisted at that time between 
this country and the Continent. Though the 
Optics of Descartes had been publidied twenty-five 
years, Gregory had not heard of the discovery of 
the law of r^raction, and had found it out only by 
Us own efiEbrts v-^-haj^y in being able, by the fer- 
tility oi his genius, to supply the defects of an ia> 
sulated and remote situation. 

A course of lectures on optics, delivered at Cam- 
bridge in 1668, by Dr Barrow, and published in 
the year following, treated of all the more ^Hfficult 
questions which had occurred in that state of the 
science, with the acuteness and depth which are 
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found in all the writings of that geometer. This 
work contains some new views in optics, and a grert 
deal of profound mathematical discussion* 

About this time Grimaldi, a learned Jesuit, tbe 
companion of Riccioli, in' his astronomical laboun, 
made known some optical phenomena which had 
hitherto escaped observation. They respected the ^ 
action of bodies on light, and when compared with 
reflection and refraction, might be caUed, in the 
language of Bacon's philosophy, crepuscular in- 
stances, indicating an action of the same kind» bat 
much weaker and less perceptible. Having stretch- 
ed a hair across a sun-beam, admitted through • 
hole in the window-shutter of a dark chamber, be 
was surprised to find the shadow much larger than 
the natural divergence of the rays could have led 
him to expect. Other facts of the same kind made 
known the general law of the diffraction or m- 
Jlection of light, and showed that the rays ^re acted 
on by bodies, and turned out of their rectilineal 
course, even when not in contact, but at a mea^ 
surable distance from the surfaces or edges of such 
bodies. Grimaldi gave an account of tho^e facts in 
a treatise printed at Bologna in 1665. * 

Optics, as indeed all the branches of natural phi- 
losophy, have great obligations to Huygens. The 
former was among the first scientific objects which 

^ Physico-Mathesis de Lumine^ Coloribus, &c. in 4to. 
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occupied his mind i and his Dioptrics, though a 
posthumous work, is most of it the composition of 
his early youth. It is written with great perspicui* 
ty and precision, and is said to have been a favourite 
book with Newton himself. Though beginning 
ftam the first elements, it contains a full develope- 
ment of the matters of greatest difficulty in the 
construction of telescopes, particularly in what con^ 
oems the indistinctness arising from the imperfect 
foci into which rays are united by spherical lenses ; 
and rules are deduced for constructing telescopes, 
which, though of different sizes, shall have the same 
degree of distinctness, illumination, &c. Huygens 
was besides a practical optician ; he polished lenses, 
and constructed telescopes with his own hands, and 
some of his object-glasses were of the enqrmous fo- 
cal distance of 180 feet. To his Dioptrics is add- 
ed a valuable treatise De Formandis Vitris. 

In the history of optics, particular attention is 
due to his theory of light, which was first commu- 
nicated to the Academy of Sciences of Paris, in 
1678» aud afterwards published, with enlargements, 
in 1690.* 

Light, according to this ingenious system, eon- 
nsts in certain undulations communicated by lu- 
minous bodies to the etherial fluid which fills all 
space. This fluid is composed of the most subtle 



Traits de la Lumidre. Leyd. I690. 
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matter, is highly elastic^ and the undulations are 
prc^agated through it with great velocity in spheri- 
cal superficies proceeding from a centre* L^H 
in this view of iU differs from that of the Carteiiao 
system^ which is supposed to be without elastidty, 
and to convey impressions instantaneoudyt as a 
staff does from the object it touches to the hnd 
which holds it. 

It is not, however^ in this general view, that the 
ingenuity of the theory appears, but in its applica? 
tion to explain the equality of the anglea of iooin 
dence and reflection ; and» most of all, the oonsbml 
ratio which subsists between the sines of the mf^ 
of incidence and of refraction. Few things are to 
be met with more simple and beautiful than tbti 
last application of the theory ; but that which u 
most remarkable of all is, the use made of it to ex? 
plain the double refraction of Iceland crystal. . This 
crystal, which is no other than the calcareous spar 
of minerali^sts, has not only the property of re? 
fracting light in the usual manner of glass, wat^i 
and other transparent bodies, but it has also anoth^ 
power of refraction, by which even the rays falling 
perpendicularly on the surface of the crystal are 
turned out of their course, so that a double image 
19 formed of all objects seen through these crystabt 
This property belongs not only to calcareous spar, 
but, in a greater or less degree, to all substances 
which are both crystallized and transparent. 
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Tlie oooimon refraction Is explained by Huygens, 
(m the supposition, that the undulations in the lu- 
HinaBs fluid are propagated in the fann of spheri- 
ad ivatesi The double refraction is explained on 
tfaa snppoabion, that the undulations of lightt ^ 
iMUBing through the calcareous q>ar^ assume a 
spheroidal £arm) and this hypothesis^ though it 
duet not apply ifith the same simplicity as the for- 
loitfr, yet admits of sudi precision, that a proportion 
of the axes of the spheroids may be assigned, whidi 
tnSt aecount for the precise quantity of the extra* 
nrdiiialy refirafitiony and for all the phenomena de- 
pendent on it^ which Huygens had studied with 
great care, and had reduced to the smallest number 
ef geni^ fhcts. ' That these spheroidal undnia*> 
tMUta actually exist, he would, af):er all, be a bold 
theorist who should affirm ; but that the supposi- 
^on of dieir existaice is an accurate expression of 
the phenomena of double refraction, cannot hk 
doubted. When one enunciates the hypothesis of 
the spheroidal undulations, he, in fact, expresses in 
a single sentence all the phenomena of double re- 
fraction. The hypothesis is therefore the means of 
representing these phenomena, and the laws which 
they obey, to the imagination or the understanding, 
and there is, perhaps, no theory in optics, and but 
very few in natural philosophy, of which more can 
be said. Theory, therefore, in this instance, is 
merely to be regarded as the expression of a gene- 
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ral law, and in that light, I thinks it is conridered 
by La Place. 

To carry the theory of Huygens fiirther, and ta 
render it quite satisfactory^ a reason ought to be 
assigned why the undulations of the luminous fluid 
are spheroidal in the case of crystals, and spherical 
in all other cases. This would be to render the 
generalization more complete ; and till that is done, 
and a connection clearly establi^ed between tbe 
structure of crystallized bodies, and the property of 
double refraction, the theory wiU ranain imperfect 
The attention which at present is given to this 
most singular and interesting branch of optics, and 
the great number of new phenomena observed and 
classed under the head of the Polarisation qf Lights 
make it almost certain that this object will be either 
speedily accomplished, or that science has here 
reached one of the immoveable barriers by which 
the circle of human knowledge is to be for ever cir- 
cumscribed. 
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PART II. 



In the former part of this sketchy the hi^ory of 
each division of the sciences was continued without 
interruption, from the beginning to the end. Dur- 
ing the period, however, on which I am now to en- 
ter, the advancement of knowledge has been so 
rapid, and marked by such distinct steps, that seve- 
ral pauses or resting-places occur of which it may 
be advisable to take advantage. Were the history 
of any particular science to be continued for the 
whole of the busy interval which this second part 
embraces, it would leave the other sciences too far 
behind ; and would make it difficult to perceive the 
mutual action by which they have so much assisted 
the progress of one another. Considering some 
sort of subdivision, therefore, as necessary, and ob- 
serving, in the interval which extends from the first 
of Newton's discoveries to the year 1818, three dif- 

10 
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ferent conditions of the Fhysico-Mathematical sd- 
ences, well marked and distinguished by great im- 
provements, I have divided the above interval into 
three corresponding parts. The first of these, 
reaching from the commencement of Newton's dis- 
coveries in 1663» to a little beyond his death, or to 
1730, may be denominated, from the men who im- 
pressed on it its peculiar character, the period of 
Newton and Leibnitz. The second, which, for a 
similar reason^ I call that of Euler and D*Al^ 
bert^ may be regarded as extending from 1730 to 
I78O ; and the third, that of Lagrange and La- 
place, from 1780 to 1818. 
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Section I. 
THE NEW GEOMETRY. 

The seventeenth centuryi which bad advanced 
with such spirit and success in combating prejudice^ 
detecting errori and establishing truth, was des- 
tined to conclude with the most splendid series of 
philosophical discoveries yet recorded in the history 
of letters. * It was about to witness, in succession, 
the invention of Fluxions, the discovery of t^e 
Composition of Light, and of the Principle of Uni- 
versal Gravitation, — all three within a period of 
little more than twenty years, and all three the 
work of the same individual. It is to the first of 
these that our attention at present is to be particu- 
larly directed. 

The notion of Infinite Quantity had, as we have 
already seen, been for some time introduced into 
Geometry, and having become a subject of reason- 
ing and calculation, had, in many instances, after 
facilitating the process of both, led to conclusions 
from which, as if by magic, the idea of infinity had 
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entirely disappeared^ and left the geometer or the 
algebraist in possession of valuable propositions, in 
which were involved no magnitudes but such as 
could be readily exhibited. The discovery of audi 
results had increased both the interest and extent 
of mathematical investigation. 

It was in this state of the aeiences, that Newton 
began his mathematical studies, and, after a very 
short interval, bia mathematical discoveries. "^ The 
book, next to the elements, which was put into his 
hands, was Walln's Arithmetic qf Ii^nita^ a 
work weU fitted for suggesting new views in goi. 
metry, and calling into activity the powers of ^ma- 
thematical invention. Wallis had effiseted the 
quadrature of all those curves in which the vahie of 
one of the co-ordinates can be expressed in terms 
of the other, without involving either firaetional or 
negative exponents. Beycmd this point BeidKr 
his researches, nor those of any other geom^eiv 
had yet reached, and from this point the discoveiii^ 
of Newton began. The Savilian Professor had 
himself been extremely desirous to advance ioto 
the new region, where, among other great obje^fa^ 
the quadrature of the circle must necessarily b^ 
contained, and he made a very ndble ^Smt to pass 
the barrier by which the undiscovered country i^ 

* He entered at Trinity College^ Cambridge, ia Jime 
Ki60. The date of his first discoveries is about 1663. 
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pfved to be defianded. He ww plainly, that if 
the equatioiis of the curves which he had aquared 
w&te ranged in a regolir aeriesp from the simpler 
to the moro complex^ their aieas would constitute 
aaodier corresponding series, the tenns of which 
were all known. He &rther leouuked, that, in 
die first of these series, the equation to the circle 
ftself might be introdooed, and would occupy the 
middle place between the first and second terms <^ 
the series, or between an equation to a straight 
litie and am equation to the common parrtiela* He 
ecmduded, therefoe, that if, in the second series, 
lie coidd interpolate a term in the middle, between 
its first and second terms, this term must neces' 
sarily be no other than the area of the eirele^ 
Bdt when he proceeded to pursue this i^ery refined 
and philosophical idea, he was not so fortunate ) 
and his attempt toward the requsnte interpolation, 
(liOQgh it did not entirely fiui, and made known a 
onrious property of the area of the circle^ did not 
lead to m indefinite quadrature of that curve* * 
Newt<m was much more judidous and successful in 
his attempt. Proceeding on the same general prin- 

* TIm intetpohtioii of Wallk &Bed^ becauBe be djd not 
employ Uteral or general expooents. His ^eoxem, c^qpsss- 
iag the area of the entire circle by a fraction^ of which the 
aumer^tor and denominator are each the continued product 
j£ a certain series of numbers^ is a remarkable anticipation 
9f some of Euler's discoveries, Calc. Int, Tom. I. cap. 8. 
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ciple with Wallis^ as he himself tells us, the simple 
view which he took of the areas already computed* rad 
of the terms of which each consisted, enabled him 
to discover the law which was commcm to them all^ 
and under which the expression for the area of the 
cirde, as well as of innumerable other curves, munt 
needs be comprehended. In the case of the cirde^ 
as in all those where a fractional exponent appear- 
ed^ the area was exhibited in the form of an infi* 
nite series. 

The problem of the quadrature oi the circk^ 
and of so many other curvdi, being thus resolved,. 
Newton immediately remarked, that the law of 
these series was, with a small alteration, the law 
for the series of terms which expresses the root of 
any binomial quantity whatsoever. Thus ha was 
put in possession of another valuable discovery, tl)e 
Binomial Theorem, and at the same time perceived 
that this last was in reality, in the order of thingib 
placed before the other, and afforded a much easier 
access to such quadratures than the method of in* 
terpolation, which, though the first road, appeared 
now neither to be the easiest nor the most direct. 

It is but rarely that we can lay hold with cer- 
tainty of the thread by which genius has been 
guided in its first discoveries. Here we are pro- 
ceeding on the authority of the author himseUv for, 
in a letter to Oldenburg, * Secretary of the Royal 

* Commercium Epistolicum^ Art. 55. 

1 



^oittgr ^ LwdoOl k^ has entered mto congicler^* 
dUft deteil on dib subject, adding^ (so ready aie 
the 4tept «f mvention to he forgotten J that ^e 
tete vfoold hAm iKUtirely escaped his. loemoryt if he 
kd noit beep, rewiiided of them by aome uote^ 
ubiok ]m hed nadi at the time, md which he had 
aenidbntolly Mhn eeu The whole of the lett» 
jart referred te k. Due of the most VAluable doeii^ 
laffiita. tQ he found ia the history of iavQiitiom 

la jrU thia» howiwer» nothing occurs from whieli 
k «|n he inferfad tha|; the method of fluxkina had 
yet ocemrred to the inventor. His discovery con- 
instep in the method of reducing the value of y, 
tke mdinate «f a curvie^ into m infinite series of the 
integer powers of .r tke abscissa, fay division, or the 
•Ktfaciion of roots, that is, by the Binomial Theeb- 
tern J after which, the part of the area belonging 
to eaefa term could be assigned by the arithmetic of 
iafinkes, or other methods already known. He 
hoM assured us hiiBself, however, tjiat the gre^t 
priMiple 4)f the new geometry W9s known to him, 
wd ^plied to investigation as early ^ 1.6&5 ei* 
tj366. * ladependeintly of that autihorky, we also 
know, on Ae testimimy of Borrow, that soon after 
4he period just mentioned, there was put into his 
hattds by Newton ^ manuscript treatise, f the mm^ 

* Quadrature of Curvxis^ Inbrodoction. 
t Corn.Epist. No. I. II. III. &c. 
VOL. II. S ' 
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which WBS afterwards published under the tide of 
Anahfm per MquaHones Numero Termnoirum 
InfimtaSj in which, though the instrumeHt of in- 
vestogation is nothing else than infinite- ames* the 
principle . of fluxions, if not fiilly ezpkinedy is at 
least distinctly pointed out. Barrow strongly ex- 
horted his young friend to publish this treasure to 
the world ; but the modesty of the author, of which 
the excess, if not culpable, was certainly in the 
present instance very unfortunate, preyented his 
compliance. All this was previous to the yesr 
1669; the treatise itself was. not published till 
171 19 more than forty years after it was written. 
' For a long time, therefore, the discoveries (^ 
'Newton were only known to his firiends, and the 
first work in which he communicated any thing to 
the world on the subject of fluxions was in the first 
edition of the Frincipia, in 1687) in the second 
Lemma of the second book, to which,, in the dis- 
putes that have since arisen about the invention of 
the new analysis, reference has been so often made. 
The principle of the fluxionary calculus was. there 
pointed out, but nothing appeared that indicated 
'tiie peculiar algorithm, or the new notation, which 
IS so essential to that calculus. About this Newton 
had yet given no information; and it was only 
from the second volume of Wallis's Works, in 
169s, that it became known to the world** It^ 

* Wallis says^ that he had inserted in the English editionr: 
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was no less than ten years after this, in 1704, that 
Newton himself first published a work on the new 
calculus, his Quadrature of Curves, more than 
fcwehtf-^ight years after it was written. 

These discoveries, however, even before the press 
was employed as their vehicle, could not remain al- 
together unknown in a country where the mathe- 
matical sciences were cultivated with 2eal and dili- 
• gence. Barrow, to whom they were first made 
known by the author himself, communicated tliem 
to Oldenburg, the Secretary of the Royal Society, 
. who had a very extensive correspondence all over 
. £nit^. By him the series for the quadrature of 
the circle were made known to James Gregory, in 
rScotland, who had occupied himself very much 
-with the same subject. They were also communi- 
.c-«l .0 Leib J in GennL, who h.d be««oe 



oF his book^ published in 1685, several extracts from New- 
ton's Letters, '' Onnssis multis aliis intbi twtatu dtgms, eo 
quod speriwerim daritsimum virum voluisse turn tUa^ turn alia 
qu€B apud ipsum premt edidisse. Cum vero iUud nandumfe* 
cmi Uhet eorum nonnulla hie aUingere ne pereantJ* Among 
these last is an account of the fluxionary notation^ according 
to which the fluxions of flowing quantities are distinguished 
by points, and also of certain applications of this new algo-* 
tithm, extracted from two letters of Newton, written in 
1792, — Opera, Tom. II. p. 390, &c— There is no evidence 
of this notation having existed earlier than that date, though 
it be highly probable that it did. 
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acquainted with CHdenburg, in a visit wUch k 
made to England in 1673. At the time of tbt 
▼isit, L^nits was bat little oonversmt with tiie 
mathematics; but having afterwards detoted In 
great talents to the study of that soenoes^ lie wu 
soon in a condition to make new diseoferiea. fie 
invented a method of squaring the dide, bf tmi- 
formii^ it mto another curve of an equal aica» hot 
having the or^Bnate expressed by a ntional fnction 
of the abscissa, so that its area cimld be found by 
the methods already known. In this way he dis- 
covered the series, so remarkable for its sua^ioity, 
which gives the value of a circular arch in termi of 
the tangent. This series he oonmnmicated to Ol- 
denburg in 1674, and receri^ from him inrefeniitati 
account of the progress made by Newton attd Gse- 
gory in the invention of series. In I676, Newton 
described his method of quadratures at the request 
of Oldenburg, in order that it might be transmitted 
to Leibnitz in the two letters already m^itioned* as 
of such v^ltie by recording the views which guided 
that great geometer in his earliest, and apftie t>f his 
most important discoveries. The method of flux- 
ions is not communicated in these letters ; nor are 
the principles of it in any way suggested ; thou^ 
there are, in the last letter, two sentences in tnms- 
posed characters, which ascertain that Newton mus • 
then in possession of that method, and employed in ^ 
speaking of it the same language in which it was ^ 
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aftflraafdt jiiidf kftown. In. the IbUtfirHig >m)v 
fcdh nto ^ iii » fatter to OUmA^wg^ mtin4m» di& 
fiieutifby and the methodi of Us calcubis £»: tbd 
&rt lamcu Hiis laktiep, * wiiieh 19 vtiy infportoHty 
olwrif proves that tlie author wwi then in Mi f^ 
anMA fif die piinci|ilea $i has calculw i wd had 
uren inieiittd (te aigoi^ia ^M B€il<atipB, 

From these facts^ and ^ey a^ all %h^ tjepr dir 
laotly on (he ^pv^stkm conoeniiDg the inne^tioo of 
lltt jofintlMWieJl aaalyski^ if ^y be fwly wd dia* 
[7 exawined* I thii^ that no doufat 1^ 
thai Nevi^ton waa the Sfi^ iqventor of tb^t 
mudgpakf mbidi he called by tl^ fn^e of EL^xio9$ ) 
1mA libaty in the communksitiiHis wMie by hm^ vf 
hm fioendsy to Leibnitz, there was nothing that 
MiM omirey any idea of th^ prindplie en which 
^iuM; anatyils was fowfided« or ^of th^ algonthin 
^liidi it inmlved. The thh^ istatM were merely 
-multa I and though aqsie cf those rel^ng to .the 
^i a a ge pta of :eiHrves mi^t show the author to be w 
•pcMBeadon of a method of investigation dJ^ibreiit 
^faan infinite series^ yet they a£K)i9ded no indicrtaqn 
itf dae jMlnre of that methodi ^er the pri^ciplea w 
vUdi k prooaed^d. 

in idbat manner Newton'a coqiununicatipna. in 
4he tnoa Jetteirs already refi^r^ te^ may hav^ a^^l^d 
In ^hnnhting the «urios^y and extending or <fven 

T* l. ' ! ? *' ft » i< I I  1 1 n ' t » yfc 

* CommQrciuoi Epistolicum^ Na Q6. 
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directing the views of such a man as Leibnitz, I 
shall not presume to decide, (nor even, if such effect 
be admitted, will it take from the originality of hit 
discoveries ;) but that in the authenticated ccmimu- 
nications which took place between these philoso- 
phers, there was nothing which could make known 
the nature of the fluxionary calculu8,sl consider as 
a fact most fully established. 

Of the new or infinitesimal analysis, we are^ 
therefore, to consider Newton as the first inventor, 
Leibnitz as the second ; his discovery, though pos- 
terior in time, having been made independently of 
the other, and having no less claim to originality. 
It had the advantage also of being first made known 
to the world ; an account of it, and of its peculiar 
algorithm, having been inserted in the first volume 
of the Acta Eruditorumj in 1684. Thus, while 
Newton's discovery remained a secret, communi- 
cated only to a few friends, the geometry of Leib- 
nitz was spreading with great rapidity over the 
Continent. Two most able coadjutors, the bro- 
thers James and John Bernoulli, joined their talents 
to those of the original inventor, and illustrated the 
new methods by the solution of a great variety of 
and interesting problems. The reserve of 
on still kept his countrymen ignorant of his 
ncal ^scoveries, and the first book that ap- 
lin England on the new geometry was that 
ig$ who professedly derived his knowledge 
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from the writings of Leibnitz and his friends. Nor 
thing, however, like rivalship or hostility betwe^ 
these inventors had yet appeared ; each seemed 
willing to admit the originality of the other's dis- 
coveries ; and Newton, in the passage of the Prifh 
cipia just referred to, gave a highly favourable ppi^ 
nion on the subject of the discoveries of Leibnitz. 

The quiet, however, that now prevailed between 
the English and German philosophers, was cleady 
of a nature to be easily disturbed. With the Eng- 
lish was conviction, and, as we have seen, a ^ well 
grounded conviction, that the first discoveiy of the 
Infinitesimal Analysis was the property of Newton ; 
but the analysis thus discovered was yet unknown 
to the public, and was in the hands of the inventor 
and his friends. With the Germans, there was the 
conviction, also well founded, that the invention of 
thjeir countryman was perfectly original j and they 
had the satisfaction to see his calculus everywhere 
adopted, and himself considered all over the Conti* 
nent as the sole inventor. The friends of Newton 
could not but resist this latter claim, and the friends 
of Leibnitz, seeing that their master had become 
the great teacher of the new calculus, could not 
easily bring themselves to acknowledge that he was 
not the first discoverer. The tranquillity that ex- 
isted under such circumstances, if once disturbed^ 
was not likely to be speedily restored. 

Accordingly, a remark of Fatio de Duillier, a 
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iflalheiiurtidffii not othenfttt ▼ery twmiiiL A ie ^ wm 
Miffirientto light ap m Anne wbidhaiilrtteeettbttfy 
bas been hardfy fioflScient to extiiigilifli. In a pi- 
per on the fine of swiftest deseent, whidh ht fte- 
aented to the Royal Soeiety in 16999 ^^m tins Mfi- 
tUice : *' I hdd Newton to hteve been the fit* k- 
▼eMer of this calcnius^ and the eaiiiestt by aevenl 
yearsi indnoed by the evidence of facts; and whe^r 
LeSmitSy the second inventor, has bOTrowed any 
thing from the other, I leave to the Judgment of 
those who have seen the letters and manuscripts of 
Newton/' Leibnits relied to this dhaige in IJie 
Leipsic Jourmdj without any ai^rity, rimffly sttt- 
ii^ himself to have been, as well as Newtm^ the 
inventOT ; neither contesting nor aoknowledgii^ 
Newton's claim to priority, but asserting bis own to 
the first publication of the calculus. 

Not long after fhis, the puUicaticm nf IVewtoh^s 
Quadrature qf-CurveSj and his Enumeralkm of 'Hie 
lines of 'the ffnrd order ^ (1705,) affi>rded die ssme 
journalists an opportunity of showing their deter- 
mination to retort the instnuaCions of Duillier, and 
to carry the war into the country of 43ie enemy. 
After givii^ a very imperfect synopsb of the first 
oftheae books, they add: ** Pro tRfferen^ igkwr 
Leibrtifiams D. JNemtonus adhibet^ semperque ad- 
hAbuH fluaiones ; quce stmt proamne ut ftuenlnm 
augmenta^ equalibus temporis parthuih quam m- 
niffiis genita ; Usque turn in suis PrincipHs Natu^ 
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Ur^ ed.iMmt j quemiUimothtM Hottoratusi tkMiis 
m sua tSb/ndfii Qeomeiricd wtotuum jkngntssmi 

: Ixk :^pite.Ho£>tfae potitttiess loid ianUgliil^ iif Aim 
fiiQkgwy tim most iAmrn^ inmni^ apptendda 1m| 
tflat 19bivj(«l kid te totke iiotion of ftsuon 

bf the difetintkk of LeibmlB^ jartis Hanfoi;!^ 
iUbri iUMLibeen led io tmbstitnte the idea ef froffsmr 
me matmi ^ Ifae indiToibles of CaraliorL/ A 
Amgd iSdci Jiingiy nnfcmicled) so xnconfliitent^wcA 
adDDoivledged facts, aofl so little cansonant to ifaer 
ehratkms that h«fl formerly come Amxi Ae mam 
quarter, could not but call forth the indig&atiensbf 
Nevitteii flUdiMs fiietids, a^peoaUy as it wasknoivn, 
thst idieBe jonmaliskt spc^ t^ language of Ijob- 
mtswad BeriMBlli* In that indilgnatkai theyiMve 
perfecttir justified^ %iit when the miBib €i maJ^ 
teBding partieB have booMHe initated m a <certaia 
degree, k joften faappeu that ithe ixigustice oof /ofle 
lade 18 tekdiated by aii ^equai injwtioe irom ^lop* 
|mite# Aecordiiii^y, Keil^ npHio, mth oaoire sbA 
than ^fui%meot, '4mdertook thedefenceof STewtoK'e 
daims, instead of ^endeavouring io i&M^krA&pi' 
orilrf of his disoovievies, by an aj^eal to facte aiiAito 
dilea tliat tould be aecuratdy ^aseextained^ i^ 
iN^idh lie would haw been eos^etely «ttccesifiEil^) 

- -1 - ^--'--^ ' ■■.: . I L ■■* t ■■■;■■ ' 
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undertook to prove, that the 
Newton to LeThnitz, were sufficient to put die l«t  
ter in possession of the principles of the new am— ^ 
lysis, after which he had only to substitote the no^ 
tion of dififerentials for that of fluxions. In sup- 
port of a charge which it would have required the 
clearest and most irresistible evidence to jusGfyp he 
hady however, nothing to offer but equivocal &ct8 
and overstnuned aiguments, such as could only 
convince those who were already disposed to be- 
lieve. They were, accordingly, received as sound 
reasoning in England, injected as absuid in Ger- 
many, and read with no effect by the mathemati- 
cians of France and Italy. 

Leibnitz complained of Keiil's proceeding to the 
Royal Society of London, which decUned giving 
judgment, but appointed a commission of its mem- 
bers to draw up a full and detailed repent of all 
the communications which had passed between 
Newton and Leibnitz, or their friends, on subjects 
connected with the new analysis, from the time of 
Collins and Oldenburg to the date of Keill's letter 
to Sir Hans Sloane in 171 1> the same that was 
now complained of. This report forms what is 
called the Comrnerdum Epistolicum ; it was pub- 
lished by order of the Royal Sodiety the year .fol- 
lowing, and contams an account of. the facts, 
which, though in the main fair and just, does not 
give that impression of the impartiality of the re- 
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portent yfAUk the circumstances so imperioudy 4e- 
nttiidadL Leibiiits complained of thispabUsatuin^ 
and alleged, that though nothing might be inserted 
that was not contained in the original letters, yet 
certain passages were suppressed which were fiu 
Tourable to his pretensions. He threatened an 
answer, which, however, never appeared. Some 
notes were added to the Commercium, which con* 
tain « good deal of asperity and unsupported insi* 
nuation; the BecensiOf or review of it, inserted 
in the Philosophical Transactions for 17 15, though 
written with ability, is still more liable to the same 
censure. 

In the year (1719) which followed the publica- 
tion of the Commercium EpistoUcnmy a paragra^ 
was circulated among the mathematicians of. Eu- 
rope, purporting to be the judgment of a mathe^ 
matician on the invention of the new analysis. 
The author was not named, but was generally un- 
derstood to be John Bernoulli, of which, indeed, 
the terms in which Leibnitz speaks of the judg- 
ment leaves no room to doubt. Bernoulli was 
without question well acquainted with the subject 
in dispute ; he was a perfect master of the calcu- 
lus ; he had been one of the great instruments of 
its advancement, and, except impartiality, possess- 
ed every requisite for a judge. Without o£Pence it 
might be said, that he could scarcely be accounted 
impartial. He had been a party in all that had 
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hafipeiied ;— -waraily attached as h$ WM to t^ we 
sdde» and greatly exa«peritod ngm^Oie otijimi W^ 
temper had been mere frequently ndiedt el«} Wi 
passions or prcgudiced more violmtiy , eamtad^ tJMl 
those of any ether indmdiial. With aU hi« ahHiitiefc 
therefore^ he waa not Itt^y ta pi?ev(^ 4he ^alKMbaA^ 
mort candid judge, in a caiNie that ip^^idp»Mt 1^ 
considered at his own. Hj$ senteacB^ hfffwv^fpk 
proBounoed in calm and temperate laiiignf^gf^ vnd 
amounts to tlus, Thit there is m reason t9 Mitm$ 
that theJbmQnary cakulus wa^ wv€$U(i4 kdwf 
ike d^ffbrentM^ I dbtall refer to ^ notci;* tJbet di^ 
cussion of the evidence which he points o^t j|s tW 
ground of this decisioni thoi^h the facts alpoady 
stated might be confiidered as sufficiept to enaUe 
the reader to form an opinion <m the subjecjU The 
friends of Leibnitz hurt their own eaus^ bjr «U 
jtempting to fix on Newton a charge of plsgiarisu^ 
which was refuted by soeh a chain of e¥i4^aip^ by 
so many dates distinctly ascertained^ and so niwy 
concessions of their own. A candid review of the 
evidence led to the conviction^ ibat both Newton 
and Leibnitz were origpial invent(N!s. When 1^ 
£iighsh mathematicians accused Leibnitz pf b(H> 
rowing from Newton^ they were» therefore, going 
much farther than the evidence authorized thafiii> 

* This note having been left in an unfinished state^ can* 
Mi he prcsenled to the puhlic. — £. t 

8 
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god were ntiirtakitig their own partialkies for pro<rfs. 
Th^y mtdnittmed what was not true, but wl>at, ne^ 
vehhideis^ was not physically impossible! the disco- 
very «f Newton bang certainly prior to thiA io( 
Leibnitz. The German mathematteiausi on the 
iMJiMsy hand, when they charged Newton with bor- 
Mfdttg from Leibnitz, were maintaining what was 
«Mt «nly fiilse, but what involved an impossibility. 
This i^ the ^y part of the dispute, in which any 
ihiikg that conld be construed into mala fides can 
he 'said to have appeared. I am far, however, from 
giving it that construction ; men of such high cha- 
tmotiw, both for integrity and talents, as Leibnitz 
and Bernoulli, ought not to be lightly subjected to 
•d cTO^ an iiQputation. Paitiality, prejudice, and 
passioA, are sufficient to account for much injustice, 
wkhont a decided intention to do wrong. 

In the state of hostility to which matters were 
4I0W brou^, the new analysis itself was had re- 
lOourse to, as affording to either side abundant 
MBans of annoymg its adversaries, by an inexhaust- 
ible supply of problems, accessible to those alone 
who were initiated in the doctrines, and who could 
mmmand the resources of that analjrsis. Tlie 
pcywer of resolving such proUems, therefore, aeem- 
ed a teM wither this analysis was understood or 
not. Already eome questions of this kind had 
been proposed in the Leipmc JowmaU not as defi- 
ances, but as exercises an the new geometry. Such 
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was the problem of the Catenaria, or the < 
which a chain of uniform weight makes whe 
pended from two points. This had been pn 
by Bernoulli in I69O, and had been resoh 
Huygens, Leibnitz, and himself. 

A question had been proposed, also, cone 
the line of swiftest descent in 1697} or th 
along which a body must descend, in order 
from one point to another not perpendicular 
der it, in the least time possible. Thoi 
straight line be the shortest distance betwei 
points, it does not necessarily follow, that the d 
in that line will be most speedily performed, 
falling in a curve that has at first a very rapid 
vity, the body may acquire in the beginning 
motion so great a velocity, as shall carry i 
a long line in less time than it would des( 
short one, with a velocity more slowly ace 
This, however, is a problem that belongs to 
of questions of peculiar difficulty; and accoi 
it was resolved only by a few of the most 
guished mathematicians. The solutions wh: 
peared within the time prescribed were from 
nitz, Newton, the two Bernoullis, and ] 
THopital. Newton's appeared in the Phih 
cal Transactions without a name ; but the 
was easily recognized. John Bernoulli, on 
. it, is said to have exclaimed, Ex ungue leo\ 

The curve that has the property required 
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cycloid i Newton has given the construction, but 
has not accompanied it with the analysis. He add- 
ed afterwards the demonstration of a very curious 
theorem for determining the time of the actual de- 
scent. Leibnitz resolved the problem the same 
day that he received the programme in which it 
was proposed. 

The problem of orthogonal trajectories, as it is 
called, had been long ago proposed in the Acta 
Eruditorumf with an invitation to all who were 
skilled in the new analysis to attempt the solution. 
The problem had not, at first, met with the atten- 
tion it was supposed to deserve, but John Bemoul- 
U having resumed the consideration of it, found 
'out what appeared a very perfect and very general 
'solution ; and the question was then (I7I6) pro- 
posed anew by Leibnitz, for the avowed purpose of 
trying the skill of the English mathematicians. 
The question is, a system of curves described ac- 
cording to a known law being given, (all the hyper- 
bolas, for instance, that are described between the 
same asymptotes ; or all the parabolas that have 
the same directrix, and that pass through the same 
point, &c.) to describe a curve which shall cut 
them all at right angles. This may be considered 
as the first defiance professedly aimed at the Eng- 
lish mathematicians. The problem was delivered 
to Newton on his return from the Mint, when he 
was much fatigued with the business of the day ; 
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^ fae resolved it» faoweTcr, the fame ev^akig^ Mid Up 
MltttioB, though without a n«me» in gs9m m libfi 
Pkihsophkal Transactions for 171 6*. * 

Tliis solutioa, however, only gtve jriiQ to nm 
Hquarrde, for hardly any thing so excellent imdd 
come from the one side, that it could meet with the 
entire approbation of the other* Newtoil'|» m* 
dead, was rather the plan or prqfet of jw in¥eBtiga» 
tion, than an actual solution ; and, in the gemB|l 
view which it took of the question, emild hsM&y 
provide against all die diffimilties that fvi^t iiefinr 
in die application to particular cases* This Wis 
what Bernoulli objected to, and afiected ti» tlMt 
the solution as of no value. Brook Ti^ylcur, S^mh 
tary ij£ the Royal Society, and well kjaowa m am 
•ef the ablest geometers of the time, undertook the 
defence of it, but concluded with usii^ langtwiy 
very reprehensible, and highly improper to be di- 
^rected by one man of science against anothert Hay- 
ing sufficiently, as he aupposed, xepUed toBemoidti 
and his /friends, he adds, ^^ If they are not satisfied 
with the solution, it must be ascrihed to their Mim 
ignoranceJ* t ^^ strongly marks the temper liy 
fwhieh both sides wece now animated^ when » dum 
3ike Taylor, eminent for profound science^ am^ in 
««enJ, very much disposed to do justice to tibe 



 Vol. XXIX, p. 399. 
+ Eorum imperitiffi tribuendum est. 
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merits of othersi should so foiget himself as to re- 
proach with ignorance g£ the calculus, one of the 
. men wlio understood it the best, and who had con- 
tributed the most to its improvement. The irrita- 
bility and prejudices of Bernoulli admitted of no de« 
fence, and he might very well have been accused of 
viewing the solution of Newton through a medium 
disturbed by their action ; but. to suppose that he 
was unable to understand it, was an impertinence 
that could only react on the person who was guilty 
of it* Ber^oulIi was not exemplary for his patience, 
and It will be readily believed, that the incivility of 
7aylor was sufficiently revenged. It is painful to 
see men of science engaged in such degrading al- 
tercation, and I should be inclined to turn from so 
disagreeable an object, if the bad e£Pects of the spi- 
rit thus excited were not such as must again obtrude 
themselves on the notice of the reader. 

, Taylor not long after came forward with an open 
defiance to. the whole Continent, and proposed a 
problem, Omnibm geometris non Anglis, — a pro- 
blem, of course, which he supposed that the Eng^ 
lish mathematicians alone were sufficiently enlight- 
ened to resolve. He selected one, accordingly, of 
very considerable difficulty,?— the integration of a 
fluxion of a comfdicated form ; which, nevertheless, 
admitted of being done in a very elegant manner, 
known, I believe, at that time to very few of the 
English mathematicians, to Cotes, to himself, and, 

VOL. II. T 
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perhaps, ime or two more. The selectdon, never- 
theless, was abundantly injudicious ; for Bemoullii 
as long ago as lyO^y had explained the method of 
int^ating this, and such like formulas, both in the 
Paris Mimoires and in the Leipsic Acta. The 
question, accordingly, was no sooner proposed than 
it was answered in a manner the most clear and ai- 
tisfactory ; so the defiance of Taylor only served to 
display the address and augment the triumph of his 
adversary. 

The last and most unsuccessful of these chal- 
lenges was that of Keill, of whose former appear- 
ance in this controversy we have already had so 
much more reason to commend the zeal than the 
discretion. Among the problems in the mixed ma- 
thematics which had excited most attention, and 
which seemed best calculated to exercise the re- 
sources of the new analysis, was the determinatioQ 
of the path of a projectile in a medium which resists 
proportionally to the square of the velocity, that 
being nearly the law of the resistance which the air 
opposes to bodies moving with great velocity. The 
resistance of fluids had been treated of by New- 
ton in the second book of the Principia, and he had 
investigated a great number of curious and import- 
ant propositions relative to its effects. He had con- 
sidered some of the simpler laws of resistance, but 
of the case just mentioned he had given no solution^ 
and, after approaching as near as possible to it on 
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all side«» bad withdrawn without making an attack* 
A problem so formidable was not likely to meei 
vith many who, even in the more improved state at 
whick the calculus had now arrived, could hope to 
overcome its difficulties. Whether KeiU had flatter- 
id himself that he could resolve the problem, or had 
forgotten, that when a man proposes a question of 
defiance tfi another, he ought to be sure that he can 
answer it himself, may be doubted ; but this is cer* 
taii^ that, without the necessary preparation, he 
boldly challenged Bernoulli to produce a sohitioiu ■. 

Bernoulli resolved the question in a very short 
time^ not cmly fcpr a resistance proportional to the 
square, but to any power whatsoever of the veloci* 
ty^ and by the conditions which he affixed to the 
pafalication of his solution, took care to expose the^ 
weakness of his antagonist. He repeatedly offered 
to send his solution to a confidential person in Lon* 
don, providing Keill would do the same. KeiU 
never made any reply to a proposal so fair, that 
there could only be one reason for declining it. 
Bernoulli, of course, exulted over him cruelly, 
breaking out in a torrent of vulgar abuse, and 
fosing. sight of every maxim of candour and good 
taste. "^ 

Such, then, were the circumstances under which 
the infinitesimal analysis,-^^e greatest discovery 
ever made in the mathematical sciences,— was usher- 
ed into the world. Every where, as it became 
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known, it enlarged the views, roused the activity, 
and increased the power of the geometer, while it 
directed the warmest sentiments of his gratitude 
and admiration, toward the great invaitors. Jn one 
respect, only, its effects were diflfereht from tiiose 
which one would have wished to see produced. It 
excited jealousy between, two great men who ought 
to have been the friends of .one another, and dis- 
turbed in both that philosophic tranquillity of mind, 
for the. loss of which even glory itself is scarcely an 
adequate recompense. 

In order to form a correct estimate of the mag- 
nitude and value of this discovery, it may be useful 
to look back at the steps by which the mathemati- 
cal sciences had been prepared for it. When we 
attempt to trace those steps to their origin, we find 
the principle of the infinitesimal analysis making its 
first appearance in the method of Exhaustions, as 
exemplified in the writings of Euclid and Archi- 
medes. These geometers observed, and, for what 
we know, were the first to observe, that the ap- 
proach which a rectilineal figure may make to one 
that is curvilineal, by the increase of the number of 
its sidesy the diminution of their magnitude^ and a 
certain enlargement of the angles they contaui, 
may be such that the properties of the former shall 
coincide so nearly with those of the latter, that no 
real di£Eerence can be supposed between them with- 
out involving a contradiction ; and it was in ascer* 
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laining the conditions of this approach, and in 
showing the contradiction to be unavoidable^ that 
the method of Exhaustions consisted* The de« 
monstrations were strictly geometrical^ but they 
were often complicated, always indirect, and of 
.^urse synthetical, so that they did not explain the 
means by which they had been discovered; 

At the distance of more than two thousand years, 
Gavalieri advanced a step farther, and, by the sa- 
crifice of some apparent, though of no real accuracy, 
cpLplained, in the method of indivisibles, a principle 
which could easily be made to assume the more 
rigid form of Exhaustions. This was a vei^ im- 
portant discovery ;— though the process was not 
analytical, the demonstrations were direct, and, 
when applied to the same subjects, led to the samdRt* 
conclusions, which the ancient geometers had de- 
duced'; by an indirect proof also, such as those 
geometers had adopted, it could always be shoim 
that an absurdity, followed from supposing the re- 
sults deduced from the method of indivisibles to be 
other than rigorously true. 

The method of Cavalieri was improved and ex- 
tended by a number of geometers- of great genius 
who followed him ; Torricelli, Robervaf, Ferrndt, 
Huygens, Barrow, who all observed the great ad- 
vantage that arose from applying the general ikiet^ 
rems concerning variable quantity to the cases 
where the quantities approached to one another in- 
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finitely near^ tkat is, nearer i&m witluli mq as- 
»gned difference. There was, however, aa yet, no 
■odculus adapted to these reaearchei, that is, no ge- 
neral method of reasoning by hdp of aihitniy 
symbols. 

But we must go back a step, in pomt of time, if 
we would trace accuratdy the histoty of this kut 
improvement. Descartes, as has been shown in 
the former part of this outline, made a great revo- 
lution in the mathematical sciences, by af^lying 
algebra to the geometry of curves } or, more geIl^ 
rally, by ap^ying it to express the relations of vs" 
riable qu wtity. This added infinitely to the value 
of the algebraic analysis, and to the extent of ib 
^investigations. The same great mathematician had 
jDbserved the advantage that would be gained in the 
geometry of curves, by considering the v)cUriable 
quantities in one state of an equation as dilferiif 
infinitely little from the corresponding quantities is 
another state of the same equation. By means 
grounded on this he had atttaipted to draw tan- 
gents to curves, and to d^;ermine their curvature ; 
but it is seldom the destination of Nature that a 
new discovery should be begun and perfected by 
the same individual ; and, in these attempts, though 
Descartes did not entirely &il, he cannot be con- 
sidered as having been successful. * 
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• See page 41. 
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At last came the two discoverens, Newton and 
 lieilmitz, who completely lifted up the veil which 
liieir predecessors bad been endeavouring to draw 
.aside. They plainly saw, as Descartes indeed had 
' done in. part; that the infinitely small variations of 
tiie. ordinate and abscissa are closely connected with 
. attmy properties of the eunre, which have but a very 

- jMnote dependence on the ordinates and abscissae 
tiiemadves. Hence they infeired, that, to obtain 

m expiation expressing tlie relations of theito varia- 

' tieni^ to one another, was to possess the most direct 
access to the knowledge of those propefrties. They 
diaerved also, that when an equation of this kind 

.inus deduced from the general equation, it admitted 
of being brought to great simplicity, and of being 

' letolved much more readily than the other. Iq^ 
efifect, it assumed the form of a simple equation ; 
iMt, in order to make this deduction in the readiest 
ibd most distinct way, the introduction of new 

- symbols, or of a new algorithm, was necessary, the 
invention of which could cost but little to the crea- 
tive genius of the men of whom I now speak. 
They appear, as has he&a. already shown, to have 
made their discoveries separately ;-— Newton first, 
-—Leibnitz afterwards, at a considerable interval, 
yet the earliest, by several years, in communicating 
his discoveries to the world. 

Thus, though there had been for ages a gradual 
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approach to the new analysis, there were in that 
progress some great and sudden adTances which 
elevated those who made them to a much higher 
level than their predecessors. A great number of 
individuals co-operated in the work ; but those who 
seem essential, and in the direct line d advance- 
ment, are Euclid, Cavalieri, Descartes, Newton, 
and Leibnitz. If any of the others had been want- 
ing, the world would have been deprived of many 
valuable theorems, and many collateral improve- 
ments, but not of any general method essential to 
the completion of the infinitesimal analysis. 

The views, however, of this* analysis taken by 
the two inventors were not precisely the same. 
Leibnitz, considering the differences of the varia- 
) ble quantities as infinitely small, conceived that he 
might reject the higher powers of those differences 
without any sensible error ; so that none of those 
powers but the first remained in the differential 
equation finally obtained. The rejection, how- 
ever, of the higher powers of the differentials was 
liable to objection, for it had the appearance of be- 
ing only an approximation, and did not come up 
to the perfect measure of geometrical precision. 
The analysis, thus constituted, necessarily divided 
itself into two problems ; — the first is, — having 
given an equation involving two or more variable 

quantities, to find the equation expressing the re- 
ft 
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ktion of the differentials, or infioitely small varia- 
tions of these quantities ; the second is the con- 
yerse of this j— having given an equation involving 
two or more variable quantities, and their differen- 
tials, tx> exterminate the differentials, and so to ex- 
hibit the variable quantities in a finite state. This 
last process is called integration in the language of 
the differential analysis, and the finite equation ob- 
tained is called the integral of the given differen- 
tial equation* 

Newton proceeded in some respects differently, 
and so as to preserve his calculus from the imputa- 
tion of neglecting or throwing away any thing 
merely because it was small. Instead of the ac- 
tual increments of the flowing or variable quanti- 
ties, he introduced what he called the fluxions ,^ 
those quantities, — meaning, by fluxions, quantities 
which had to one another the same ratio which 
the increments had in their ultimate or evanescent 
state. He did not reject quantities, therefore, 
nierely because they were so small that he migjki 
do so without (ipmmitting any sensible error, but 
because he must reject them, in order to commit 
no error whatsoever. Fluxions were, with him, 
nothing else than measures of the velocities with 
which variable or flowing quantities were supposed 
to be generated, and they might be of any magni- 
tude, providing they were in the ratio of those ve- 
locities, or, which is the same, in, the ratio of » the 
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nascent or evanescent increments. * The flttxiohsi 
therefore, and the flowing quantities or floents of 
Newton correspond to the diffisrentiala and the 
sums or integrals of Leibnitz; and though the 
symbols which denote fluxions are different fram 
those used to express differentiaisi they answer 
pt-ecis^ly the same purpose. The fluxionary and 
differential calculus tnay therefore be considered is 
tWo modifications of one general method, aptly 
distinguished by the name of the infinitesimal ana* 
lysi^. 

By thie introduction of this analysis, the domain 
of the mathematical sciences was incredibly enlarged 
in every direction. The great improvement which 
Descartes had made by the application of algebraic 
equations to define the nature of curve lines was 
how rendered much more efficient, and carried far 
beyond its original boundaries. From the equa- 
tion of the curve the new analysis could deduce 
the properties of the tangents, and, what was much 
more difficult, could go back from the properties 
of the tangents to the equation of the curve. From 
the same equation it was able to determine the cur- 

* ^^ I consider mathematical quantities in this place not 
as consisting of small parts^ but as described by a continued 
motion. Lines are described and thereby generated, not by 
the apposition of parts, but by the continued motion of 
points, superficies by the motion of lines/' Scc-^Quadrature 
of Curves, Introduction. 
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ratufle lit every point ; it could measure the length 
of. racy portion of the curve or the area correspond- 
kig to it* Nor was it only to algebraic curves that 
those applications t>f the calculus extended, but to 
curves transcendent^ and mechanical, as in the in- 
rtaaces of the catenaria, the cycloid, the elastic 
cjorve, and many othonu The same sort of re- 
search could be apfdied to curve surfaces described 
according to any given law, and also to the solids 
contained by them^ 

. The prdblems which relate to the maanma and 
minima^ or the greatest and least values of variable 
qnaxKtities, are among the most interesting in the 
Muathematics ; they are connected with the highest 
attmnments of wisdom and the greatest exertions 
uf power ; and seem like so many immoveable co- 
ioinns erected in the infinity of space, to mark the 
eternal boundary which separates the regions of 
iMissibility and impossibility from one another. For 
the solution of these problems, a particular^provi- 
sion seemed to be made in the new geometry. 

When any function becomes either the greatest 
or the least, it does so by the velocity of its increase 
or of its decrease ceasing entirely, or, in the lan- 
guage of algebra, becoming equal to nothing. But 
when the. velocity with which the function varies 
becomes nothing, the fluxion which is proportional 
to that velocity must become nothing also. There- 
fore, it is only necessary to take the fliaxion of the 
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given function^ and, by supposing it equal to no- 
thing, an equation will be obtained in finite termi, 
(for the fluxion will entirely disappear,) expressing 
the relation of the quantities when the functional- 
signed is the greatest or the least possible. . 

Another kind of maximum or mimmunr, a- 
bounding also in interei^tiag problems, is more dif- 
ficult by far than the preceding, and, when taken 
generally, seems to be only accessible to the new 
analysis. Such cases occur when the function of 
the variable quantities which is to be the greatest 
or the least is not given, but is itself the thing to 
be found ; as when it is proposed to determine the 
line by which a heavy body can descend in the 
least time from one point to another. Here the 
equation between . the co-ordinates of the curve to 
be found is, of course, unknown, and the function 
of those co-ordinates which denotes the time of de- 
scent cannot, therefore, be algebraically expressedi 
so that its fluxion cannot be taken in the ordinary 
way, and thus put equal to nothing. The former 
rule, then, is not applicable in such cases, and it is 
by no means obvious in what manner this difficulty 
is to be overcome. The general problem exercis- 
ed the ingenuity of both the Bernoullis, as it has 
since done of many other mathematicians of the 
greatest name. As there are in such problems 
always two conditions, according to the first of 
which, a certain property is to remain constant, or 



^ PHYSICAL SCr£NC£. 301 

to belong to all the indiyiduals of the specieSi and, 
according to the second, another property is to be 
thie greatest or the least possible ; and as, in some 
of the simplest of such questions, * the constant 
Quantity IS the circumference or perimeter of a 
certain curve, so problems of this kind have had 
the name of Isoperimetrical given them, a term 
which has thus come to denote one of the most cu- 
rious and difficult subjects of mathematical investi- 
gation. 

The new analysis, especially according to the 
View taken of it by Newton, is peculiarly adapted to 
physical researches, as the hypothesis of quantities 
being generated by continued motion, comes there 
to coincide exactly with the fact. The momentary 
increments or the fluxions represent so precisely 
the forces by which the changes in nature are pro- 
duced, that this doctrine seemed created for the 
express purpose of penetrating into the interior of 
things, and taking direct cognizance of those ani- 
mating powers which, by their subtility, hot only 
elude the observation of sense, but the ordinary 

* The most simple problem of the kind is strictly and li- 
terally Isoperimetricalf viz. of all curves having the same 
perimeter to find that which has the greatest area. Ele* 
mentary geometry had pronounced this curve to be the circle 
long before there was any idea of an entire class of problems 
characterized by similar conditions. Vide Pappi Afexftn- 
drini Collect. Math. Lib. Y. Prop. 2, Sec. 
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methods of geometrical investigation. The iiifi-^ 
nitesimal analysis alone affords the means of mea-^ 
suring forces, when each acts separately, and mr 
stantaneously under conditions that can be accu* 
rately ascertained. In comparing the eflbcts of 
continued action, the variety of time and circum- 
stancot and the conttnuai[|^ of effects after their 
causes, have ceased, introduce so much uncertain^,^ 
that nothing but vague and unsatisfactory condu* 
sions can be deduced. The analysis of infinites 
goes directly to the point ; it measures the intensi- 
ty or instantaneous effort of the force, and, of 
course, removes all those causes of uncertainly 
which prevailed when the results of continued ac- 
tion could alone be estimated. It is not even by 
the effects produced in a short time, but by effects 
taken in their nascent or evanescent state, that tha 
true proportion of causes must be ascertained. 

Thus, though the astronomers had proved that 
the planets describe ellipses round the sun as the 
common focus, and that the line from the si^n to 
each planet sweeps over areas proportional to the 
time; had not the geometer resolved the elliptic 
motion into its primary elements, and compared 
them in their state of evanescence, it would never 
have been discovered that these bodies gravitate to 
the sun with forces which are inversely as the 
square of their distances from the centre of that lu- 
piinary. Thus, fortunately, the first d^overy of 
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Newton was the instrument which was to conduct 
him safely through all the intricacies of his future 
investigations. 

The calculuSy^ as already remarked, necessarily 
divides itself into two branches ; one whicdi, from 
the variable quantities, finds the relation of their 
fluxions or difierentials.} another which, from the 
relation of these last, investigates the relation of 
the variable quantities themselves. The first of 
these problems is always possible, and, in general, 
easy to be resolved ; the second is not always posr 
sible, and when possible, is often very difficult, but 
in various degrees, according to the manner in 
which the differentials and the variable quantities 
are combined with one another. 

If the function, into which the differentfal stands 
multiplied, consist of a single term, or an aggre* 
gate of terms, in each of which the variable quanti- 
ty is raised to a power expounded by a number por 
sitive, negative, or fractional, the integration can be 
effected with ease, either in algebraic or logarithmic 
terms ; and the calculus had not been long known 
before this problem was completely resolved. 

The second case of this first division is, when 

ft 

the given function is a fraction lutving a binomial 
or multinomial denominator, the terms of which 
contain any powers whatever of the variable mag- 
nitude, but without involving the radical sign. If 
the denominator contain only the simple power of 
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the variable quantity, the integral is easily found 
by logarithms ; if it be complex, it must be resolv- 
ed either into simple or quadratic divisors, which, 
granting the solution of equations, is always possi- 
ble, at least by approximation, and the given frac* 
tion is then found equal to an aggregate of simple 
fractions, having these divisors for their denomi- 
nators, and of which the fluents can always be exhi- 
bited in algebraic terms, or in terms of logarithms 
and circular arches. This very general and im- 
portant problem was resolved by J. Bernoulli as 
early as the year 1702. 

The denominator is in this last case supposed ra- 
tional ; but if it be irrational, the integration re- 
quires other means to be employed. Here Leib- 
nitz and Bernoulli both taught, how, by substitu- 
tions, as in Diophantine problems, the irrationality 
might be removed, and the integration of course 
reduced to the former case. Newton employed a 
different method, and,- in his Quadrature qfCurveSy 
found the fluents, by comparing the given fluxion 
with the formulas immediately derived from the 
expression of circular or hyperbolic afeas. The 
integrations of these irrational formulae, whichever 
of the methods be employed, often admit of being 
effected with singular elegance and simplicity ; but 
a general integration of all the formulae of this 
kind, except by approximation, is not yet within 
the power of analysis. 
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The second general division of the problem of 
int^radon, viz. when the two variable quantities 
and their difierentials are mixed together on each 
ode of the equation, is a more difficult subject of 
inquiry than the preceding;' It may^ indeed hap- 
pen, that an equation, .which, at first presents itself 
mdar this aspect, can, by the common rules of al* 
jc^ra, have the quantities so separated, that on 
each side of the sign of equality there shall be but 
one variable quimtity with' its fluxion ; and when 
this is done, the integration is reduced to one of 
the cases fdready enumerated. 

When such separation cannot be made, the pro* 
M^tn is among the :most difficult which the infini* 
tenmal analysis presents, at the same time that it ii 
the key to a vast number of interesting questions 
both in the pure and tibe mixed mathematics* The 
two Bemoullis ^plied themselves strenuously to 
the elucidation of it ; and to them we owe alLthe 
best and most accurate methods of resolving such 
questions which . appeared in the early history of 
the calculus, and which laid the foundation of so 
many subsequent discoveries. This is a fiict which 
cannot be contested j.and it must be acknowledged 
also, that, on the same subject, the writings of the 
English mathematicians were then, as they con* 
tinue to be at this day, extremely defective* New« 
ton, though he had treated of this branch of the 
infinitesimal analysis with his usual ingenuity and 

VOL. II. u 
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depth, had done so only in his work on Fhunm^ 
which did not see the light till sereral yean after 
his death, when, in 1736, it appeared in Cohon'f 
translation. But that woik, even had it eoBoe in- 
to the hands of the public in the author's lifetime^ 
woiild not have remedied the defect of which I mm 
speak. When the fluxionary equation could not 
be integrated by the simplest and most ekmentaij 
rides, Newton had always recourse to approxia» 
tions by infinite series, in the contrivance of whidi 
he indeed displayed great ingenuity and addieK 
But an approximation, let it be ever so good, and 
converge ever so rapidly, is always inferior to an 
accurate and complete solution, if this last possM 
any tolerable degree of simplicity. The semi 
which affords the approximation cannot conveige 
always, or in all states of the variable quantity; 
and its utility, on that account, is so much limitedi 
that it can hardly lead to any general result. Be- 
sides, it does not appear that these series can al- 
ways be made to involve the arbitrary or indetermi- 
nate quantity, without which no fluent can be am* 
sidered as complete. For these reasons, such ap- 
proximations should never be resorted to till every 
expedient has been used to find an accurate sola- 
tion. To this rule, however, Newton's method 
does not conform, but employs approximation in 
cases where the complete integral can be obtained. 
The tendracy of that method, therefore, however 
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great its merit in other respects^ was td give a di- 
SBOtion to research which was not always the best, 
«Dd which, in many instances, made it fall entirely 
flbort of the object it ought to hare attained^ It is 
true, that many fluxionary equations cannot be in- 
t^^led in any other way ; but by having recourse 
to it indiscriminately, we overlook the cases in 
iluch the integral can be exactly assigned. Ac- 
cordiiigly> Bernoulli, by following a different pro- 
0688^ remarked entire classes of fluxionary or dif- 
ferential equations, that admitted of accurate in* 
tcgration. Thus he found, that differential equa- 
tions, if homogeneous, * however complicated, may 
always have the variable quantities separated, so as 
to come under one of the simpler forms already 
enumerated. By the introduction, also, of expor 
nential equations, which had been considered in 
Ei^land as of little use, he materially improved 
this branch of the calculus. 
. To all these branches of analysis we hdve stUl 
another to add of indefinite extent, arising out of 
the consideration of the fluxions or differentials of 
the higher orders, each of tiiese orders being de- 
duced from the preceding, just as first fluxions are 
Grom the variable quantities to which they bebng. 



'^^-^ 



* H(»n<^eneous equations in the differential calculus are 
those in which the sum of the exponents of the variable 
quantities is the same in all the terms. 
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To undentand thii, conceive the fuoeeMive valiM 
of the flrst fluxjoni of any variable quantity, tocean 
•titute a new geriea of variable quantities flowfaig 
with velocitieii the measureg of which form dM 
fluxions of the second order, from which « in tlis 
same manner, are deduced fluxions of the third and 
of still higher orders. The general principles an 
the same as in the fluxions of the flrst order, bvl 
the difficulties of the calculus are greater, partioat 
larly in the integrations } for to rise from secaad 
fluxions to the variable quantities themselves tM 
integrations are necessary } from third fluxiopi 
three, and so on. 

The tract which flrst made known the new aau 
lysis was that of Leibnita, published, as'^raady rs* 
marked, in the first volume of the Acta Erudit&rm 
for 1684, where it occupies no more than six pegsi^* 
and is the work of an author not yet become very 
familiar with the nature of his own inventioHi It 
was sufficient, however, to explain that invention 
to mathematicians ; but, nevertheless, some yesn 
elapsed before it drew much attention* The Bs^ 
noullis were the flrst who perceived its value, and 
made themselves masters of the principles and na» 
thods contained, or rather suggested, in itt Leilv 
uitz published many other papers in the Acta Eru* 

* Nova Methodus pro Maximis et Minimis^ &c. Leibnitii 
Opera, Tom. III. p. I67. 
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iitorum and the journals of the times, full of ori- 
ginal views and important hints, thrown out very 
jbrieflyi and requiring the elucidations which his 
firiends just mentioned were always so willing and 
so able to supply. The number of literary and 
mentifio objects which divided the attention of the 
nathor himself was so great, that he had not time 
to bestow on the illustration and developement of 
th0 most important of his own discoveries, and the 
new analysis, for all that he has taught, would have 
been very little known, and very imperfectly un* 
ibldedi if the two excellent geometers just mimed 
bad not come to his assistance. Their tracts were 
also» like his, scattered in the different periodic 
woiks of that time» and several years elapsed before 
any elementary treatise explained the general irie- 
thods, and illustrated them by examples* The first 
book in which this was done, so far at least as con* 
oemed the differential or direct calculus, was the 
Analyse des Infiniment Petits of the Marquis de 
I'Hdpital, published in I696, a work of great me- 
rit, which did much to diffuse the knowledge of the 
new analysis. It was well received at that time, and 
has maintained its chai*acter to the present day. 
The author, a man of genius, indefatigable and ar- 
dent in the pursuit of science, had enjoyed the t)iva 
voce instructions of John Bernoulli, on the subject 
of the new geometry, and therefore came forward 
with every possible advantage. 
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It was long after this before the works of the Ber- 
nouUis were collected together, those of James in 
two quarto volumes, and of John in four. * In the 
third of these last volumes is a tract of considenble 
length, wit^ the title of Lectiones de Methodo In- 
tegralium, written in 1691 and 1692> for the use 
of M. de PH6pital, to whose book on the differen- 
tial calculus it seems to have been intended as a se- 
quel. It is a work of great merit ; and affords a 
distinct riew of many of the most general methods 
of integration, with their application to the most in- 
teresting problems ; so that, though the earlieist 
treatise on that subject, it remains at this day one of 
the best compends of the new analysis of wiiich the 
mathematical world is in possession. Indeed, the 
whole of the volumes just referred to are highly in- 
teresting. as qontaining the original germs of the 
new analysis, and as being the work of men always 
inspired by genius, sometimes warmed by opposition, 
and generally animated by the success which accom- 
panied their researches. 

But we must now look at the original works of 
the earliest inventor. Newton, besides his letters 
published in the Commercium Epistolicum, is the 
author of three tracts on the new analysis that have 
all been occasionally mentioned. None of them, 
however, appeared nearly so soon as a great num- 

* Those of James. were published at Geneva in 1744; of 
John at Lausaniie and Geneva in 1742. 
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ber of the pieces which have just been enumflrated. 
The Quadrature of Curves^ written as early as 
1665 Of 1666, did not appear till 1704; and 
though it be a treatise of great value^ and contain- 
ing Tary important and very general theorems con- 
eeming the quadrature of curves, it must be allow- 
.ed» that it is not well adapted to make known the 
ipirit and the views of the infinitesimal analysis. 
After a short introduction, which is indeed ana- 
lydcalt and which explains the idea of a fluxion with 
great brevity and clearness, the treatise sets out 
with proposing to find any numb^ of curves that 
can be squared i and here the demonstrations be^- 
oome all synthetical, without any thing that may be 
properly called analytical investigation. By synthe- 
tical demonstrations I do not mean reasonings where 
the algebraic language is not used, but reasonings, 
whatever language be employed, where the solution 
of the proposed question is first laid down^ and af- 
terwards demonstrated to be true. Such is the me^ 
thod pursued throughout this work, and it is won- 
derful how many valuable conclusions concerning 
the areas of curves, and their reduction to the areas 
of the circle and hyperbola, are in that manner de- 
duced. But though truths can be very well con- 
veyed in the synthetical way, the methods of inves- 
tigating truth are not communicated by it, nor the 
powers of invention directed to their proper objects. 
As an elementary treatise on the new analysis, the 
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Quadiatiire of Curves is therefore imperfect, and 
not calculated, without great study, to give to othen 
any portion of the power which the audior himself 
has exerted. The problem of finding fluents, 
though it be that on which the whole quadrature 
of curves depends, is entirely kept out of vie^^ and 
never once proposed in the course of a work, whichi 
at the same time, is full of the most elaborate and 
profound reasonings. 

Newton had a great fondness for the synthetical 
method, which is apparent even in the most analy- 
tical of his works. In his Fluxions, when he is 
treating of the quadrature of curves, he says, ^' Af- 
ter the mea of a curve has been found and cour 
structed, we should consider about the demonstra- 
tion of the construction, that, laying aside all alge- 
braical calculation, as much as may be, the theorem 
may be adorned and made elegant, so as to become 
fit for public view."  This is followed by two or 
three examples, in which the rule here given is 
very happily illustrated. When the analysis of a 
problem requires^ like the quadrature of ourvet^^ 
the use of the inverse method of fluxions, the re- 
version of that analysis, or the synthetical demon- 
stration, must proceed by the direct method, and 
therefore may admit of more simplicity than the 

• Newton's Fluxions^ Colson's Translation, p. 116, f 
107. 
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others, so as, in the language of the above passage, 
to be easily adorned and made el^ant. 
. Tlie book of Fluxions is, however, an excellent 
walk, entering very deeply into the nature and 
spirit of the calculus, — ^illustrating its application 
by well chosen examples,— -and only failing, as al* 
jready said, by having recourse, for finding the 
fluents of fluxionary equations, too exclusively to 
the method of series, without treating of the cases 
in which exact solutions can be obtained. 

Of the works that appeared in the early stages 
of the calculus, none is more entitled to notice than 
the Harmonia Mensurarum of Cotes. The idea 
of reducing the areas of curves to those of the 
circle and hyperbola, in those cases which did not 
admit of an accurate comparison with rectilineal 
spaces, had early occurred to Newton, and was very 
fully . exemplified in his Quadrature of Curves. 
Cotes extended this method : — his work appeared 
in 1722, and gave the rules for finding the fluents 
of fractional expressions, whether rational or irra* 
tional, greatly generalized and highly improved by 
means of a property of the circle discovered by 
himself, and justly reckoned among the most re- 
markable propositions in geometry. It is singular 
that a work so profound, and so useful as the 
Harmonia Mensurarum, should never have acquir- 
ed, even among the mathematicians of England, 
the popularity which it deserves ; and that, on the 
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Continent, it should be very little known, even af- 
ter the excellent commentary and additimis of 
Bishop Walmsley. The reasons, perhaps, are, 
that, in many parts, the work is obscure) that, it 
does not explain the analysis which must have led 
to the formulcB contained in the tables ; and that 
it employs an unusual language and notation, which, 
though calculated to keep in view the analc^ bew 
tween circular and hyperbolic areas, or between 
the measures of angles and of ratios, do not so 
readily accommodate themselves to the business of 
calculation as those which are commonly in use. 
Demoivre, a very skilful and able mathematician, 
improved the method of Cotes ^ and explained 
many things in a manner much more clear waA 
analytical than had hitherto been done. ^ 

Another very original and profound writer of 
this period was Brook Taylor, who has already 
been often mentioned, and who, in his Method of 
Increments, published in VfiS^ added a new 
branch to the analysis of variable quantity. Ac- 
cording to this method, quantities are supposed to 
change, not by infinitely small, but by finite incre- 
ments, or such as may be of any magnitude what« 
ever. There are here, therefore, as in the case of 



* Demoivre, Miscellanea Analytica. See also the work 
of an anonymous author, Epistola ad Amicum de Coteffli 
Inventis. 
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fluxions or differentials, two general questions: 
A function of a variable quantity being given, to 
find the expression for the finite increment of that 
function, the increment of the variable quantity it- 
self being a finite magnitude. This corresponds 
to the direct method of fluxions ; the other ques- 
tion corresponds to the inverse, viz. A function 
being given containing variable quantities, and 
iheir increments any how combined, to find the 
function from which it is derived. The author 
has considered both these problems, and in the so- 
lution of the second, particularly, has displayed 
much address. He has also made many ingenious 
applications of this calculus both to geometrical 
nid physical questions, and, above all, to the sum- 
mation of series, a problem for the solution of which 
it is peculiarly adapted. 

Taylor, however, was more remarkable for the 
ingenuity and depth, than for the perspicuity of 
bis writings ; even a treatise on Perspective, of 
which he is the author, though in other respects 
excellent, has always been complained of as ob- 
scure ; and it is no wonder if, on a new subject, 
and one belonging to the higher geometry, his 
imtings should be still more exposed to that re- 
proach. This fault was removed, and the whole 
:heory explained with great clearness, by M. Nicol, 
)f the Academy of Sciences of Paris, in a series of 
Memoires from the year 1717 to VJ9I7* 
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A single analytical formula in the Method qf 
Increments has conferred a celebrity on its author^ 
which the most voluminous works have not oftep 
been able to bestow. It is known by the name of 
Taylor's Theorem, and expresses the value of any 
function of a variable quantity in terms of the sucr 
cessive orders of increments, whether, finite or in- 
finitely small. If any one proposition can be said 
to comprehend in it a whole science it is this : for 
from it almost every truth and every method of the 
new analysis may be deduced. It is difficult to say, 
whether the theorem does most credit to the ge« 
nius of the author, or the power of the language 
which is capable of concentrating such a vast body 
of knowledge in a single expression. Without an 
acquaintance with algebra, it is impossible, I be- 
lieve, to conceive the manner in which this effect 
is produced. 

By means of its own intrinsic merit, and the ad- 
vantageous display of it made in the works now 
enumeratedt the new analysis, long li^fore the ex» 
piration of the period of which I am here treating, 
was firmly established all over Europe. It did not, 
however, exist everywhere in the same condition, 
por under the same form ; with the British and 
Continental mathematicians, it was referred to dif* 
ferent origins ; it was in different states of advance- 
ment ; the notation and some of the fundamental 
ideas were also different. The authors communi- 
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cated little with one another, except in the way of 
defiance or reproach ; and, from the angry or po* 
lemical tone which their speculations often assumed, 
one could hardly suppose, that they were pursuing 
science in one of its most abstract and incorporeal 
forms. 
• Though the algorithm employed, and the books 
consulted on the new analysis, were different, the 
mathematicians of Britain and of the Contineiri; 
Ind kept pace very nearly with one another during 
the period now treated of, except in one branch, 
the integration of differential or of fiuxional equa- 
tions. In this, our countrymen had fallen con«- 
siderably behind, as has been already explained ; 
and the distance between them and their brethren 
on the Continent continued to increase, just ia 
proportion to the number and importance of the 
questions, physical and mathematical, which were 
found to depend on these integrations. The ha« 
\At of studjring only our own authors on these sub* 
jects, produced at first by our admiration of New«^ 
ton and our dislike to his rivals, and increased by a 
circumstance very insignificant in itself, the divert 
«ty of notation, prevented us firom partaking in the 
pursuits of our neighbours; and cut us off in a 
great measure from the vast field in which the ge- 
nius of France^ of Germany, imd Italy» was exer- 
cised with so much activity and success. Other 
causes may have united in the production of an ef- 
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feet, which the mathematiciaBS of this country hare 
had much reason to regret ; hut the evil had its 
origin in the spirit of jealousy and oppo»tion» 
which arose from the controversies that bare just 
passed under our review. The habits so produced 
continued long ailer the spirit itself had subsided. 
It must not be supposed, that so great a revelu- 
tioD in science, as that which was made by the »!•> 
troductioli of the new analysis, could be brou^ 
about entirely without opposition, as in every sft' 
ciety there are some who think themselves interest- 
ed to maintain things in the condition wherein they 
have found them. The considerations are indeed 
sufficiently obvious, which^ in the moral wad ptdi-* 
tical world, tend to produce this effect, «id to give 
a stability to human institutions, of\en so little pro> 
portionate to their real value or to their general 
utility. Even in matters purely intellectual, and 
in which the abstract truths of arithmetic and geo* 
metry seem alone concerned, the prejuditts, the 
selfishness, or vanity of those who pursue them, not 
unfrequently combine to resist improvement, and 
often OBg^e no inconsiderable degree of talent in 
; back instead of pushing forward the nia- 
f science. The introduction of methods en* 
r must often change the relative place of 
[ in scientific pursuits ; and must 
my, after descending from the stations 
riy occupied, to take a lower position in 
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the scale of intellectual advancement. The enmity 
of such men, if they be not animated by a spirit of 
real candour and the love of truth, is likely to be 
directed againbt methods, by which their vanity is 
BaM>rtified, and their importance lessened* Though 
such changes as this must have everywhere accom« 
panied the ascendancy acquired by the calculus, for 
the credit of mathematicians it must be observed, 
that no one of any considerable eminence has had 
the misfortune to enrol his name among the adver- 
saries of the new science ; and that Huygens, the 
most distinguished and most profound of the older 
mathematicians then living, was one of the most 
forward to acknowledge the excellence of that 
scknce, and to make himself master of its rules, and 
of their application. 

Nevertheless, certain adversaries arose succes- 
sively in Germany, France, and England, the 
countries in which the new methods first became 
known. 

Nieuwentyt, ati author commendable as a natu- 
calist, and as a writer on morals, but a very super- 
ficial geometer, aimed the first blow at the Differ- 
ential Calculus. He objected to the explanation of 
Leibnitz, and to the notion of quantities infinitely 
small. * It seemed as if he were unwilling to be- 



. • *. He published Analysis Ir{finit9rum lit Amsterdam^ in 
1695 ; and another tract, ConsidercUiones circa Calculi D^ff^* 
efUialis Prindpia, in the year foUowiog. This last was an- 
swered by Hennaik 
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lieve in the reality of objects smaller than those 
discovered by his own microscope, and were jealous 
of any one who should come nearer to the limit of 
extension than he himself had done. Leibnits 
thought his objections not undeserving of a reply ; 
but the reply was not altogether satisfactory. A 
second was given with better success ; and after- 
wards Herman and Bernoulli each severally defeat- 
ed an adversary, who was but very ill able to con* 
tend with either of them. 

Soon after this, the calculus had to sustain an at^ 
tack from two French academicians, which drew 
more attention than that of the Dutch naturalist 
One of these, Rolle, was a mathematician of no in- 
considerable acquirement, but whose chief gratifica- 
tion consisted in finding out faults in the works of 
others. He founded his objections to the differen- 
tial calculus, not on the score of principles or of ge- 
neral methods, but on certain cases which he had 
sought out with great industry, in which those me- 
thods seemed to him to lead to false and contradic- 
tory conclusions. On examination, however, it 
turned out, that in every one of those instances the 
error was entirely his own ; that he had misapplied 
iSbB rales, and that his eagerness to discover faults 
hnd led him to commit them. His errors were de- 
tected and pointed out with demonstrative evidence 
by Varignon, Saurin, and some others, who were 
anumg the first to perceive the excellence and to 
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defend the isolidity of the new geometry. These 
disputes were of consequence enough to occupy the 
ittention of the Academy of Sciences during a great 
put of the year 1701. 

The Abb6 Gallois joined with RoUe in his hos- 
;ility to the calculus, and though he added very lit- 
le to the force of the attack, he kept the field after 
ihe other had retired from the combat. Fontenelle, 
n his ^loge on the Abbe, JfBs given an elegant 
;um to the apoI(^ he makes for him. — <* His taste 
yar antiquity made him suspicious of the geometry 
3f infinites. Hq. was, in general, no friend to any 
thing that was new, and was always prepared with 
•I kind of Ostracism to put down whatever appear<>- 
ed too conspicuous for a free state like that of let- 
ters. Th^ geometry of infinites had both these 
iaults, and particularly the latter.' ' 

After all these disputes were quieted in France, 
and the new analysis appeared completely victori- 
ous, it had an attack to sustain in England from a 
more formidable quarter* Berkeley Bishop of 
Cloyne was a man of fir^t-rate talents, distinguish-^ 
3d as a metaphysician, a philosopher, and a divine, 
Eiis geometrical knowledge, however, which, for an 
rftack on the method of fluxions, was more essen# 
ial than all his other accomplishments, seems to 
lave been little more than elementary. The motive 
vhich induced him to enter oQ discussions so re- 

VOL. II. X 
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motely connected with his usual pursuits has beea 
variously represented ; but, whatever it was^ it gave 
rise to the Analjrst, in which the author professes 
to demonstrate, that the new analysis is inaccurate 
in its principles,^ and that, if it ever lead to true 
conclusions, it is from an accidental compensatioD 
of errors that cannot be supposed always to take 
place. The argument is ingeniously and plausibly 
conducted, and the author sometimes attempts ridi- 
cule with better success than could l)e expected 
from the subject j thus, when he calls ultimate 
ratios the ghosts of departed quantities^ it is not 
easy to conceive a witty saying more happily fasten^ 
ed on a mere mathematical abstraction. 

The Analyst was answered by Jurin, under the 
signature of Philalethes ; and to this Beriseley re- 
plied in a tract entitled A Defence of Freetbinking 
in Mathematics. Replies were again made to this, 
so that the argument assumed the form of a regu- 
lar controversy ; in which, though the defenders 
of the calculus had the advantage, it must be ac- 
knowledged that they did not always argue the 
matter quite fairly, nor exactly meet the reasoning 
of their adversary. The true answer to Berkeley 
was, that what he conceived to be an accidental 
compensation of errors was not at all accidental, 
but that the two sets of quantities that seemed to 
him neglected in the reasoning were in all ciises 
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necessarily equal, and an exact balance for one 
another. The Newtonian idea of a fluxion con- 
tained in it this truth, and so it was argued by 
Jurin and others, but not in a\ manner so logical 
and satisfactory as might have been expected. 
Perhaps it is not too much to assert, that this was 
not completely done till La Grange's Theory of 
Functions appeared. Thus, if the author df the 
Analyst has had the misfortune to enrol hid name 
en the side of error, he has also had the credit of 
proposing difficulties of which the complete solution 
is only to be derived from the highest improvements 
of the calculus. 

'This controversy made some noise in England, 
but I do not think that it ever drew much atten- 
tion on the Continent. The Analyst, I imagine, 
notwithstanding its acuteness, never crossed the 
Channel. Montucla evidently knows it only by 
report, and seems as little acquainted with the 
work as with its author, of whom he speaks very 
slightly, and supposes he has sufficiently described 
him by sayings that he has written a book against 
the existence of matter, and another in praise of 
tar-water. But it is less from the opinions which 
men support than from the manner in which they 
support them, that their talents are to be estimated. 
If we judge by this criterion, we shall pronounce 
Berkeley to be a man of genius, whether he be 
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employed in attacking the infinitesimal analysis, is 
disproving the existence of the external ^orld, or 
in celebrating the virtues of tar-water. * 

* Though Berkeley reasons very plausibly^ and with cqq< 
siderable address^ he hurts his cause by the comparison so 
often introduced between the mysteries of religion and what 
he accounts the mysteries of the new geometry. From this 
it is natural to infer^ that the author is avenging the cause 
of religion on the infidel mathematician to whom his treatise 
is addressed^ and an argument that is suspected to have any 
other object than that at which it is directly aimed^ must al- 
ways lose somewhat of its weight* 

The dispute here mentioned did not take place till about 
the year 1734 ; so that I have here treated of it by anticipa- 
tion, being unwilling to resmne the subject of controversies 
which, tliough perhapa useful at first for the purpose of se- 
curing the foundations of science, are long since set to res^ 
and never likely to be revived. 
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Section IL 

MECHANICS, GENERAL PHYSICS, &c- 

The discoveries of Galileo, Descartes, aad other 
mathematicians of the seventeenth century, had 
'made known some of the most general and import- 
ant lawa which regulate the phenomena of moving 
l)odies. Tlie inertia, or the tendency of body, 
^hen left to itself, to preserve unchanged its con- 
dition eitiber of motion or of rest ; the effect of an 
impulse communicated to a body, or of two simul*^ 
taneous impulses, had been carefully examined, and 
had led to the discovery of the composition of mo- 
tion. Tlie law of equilibrium, not in the lever 
alone, but in all the mechanical poVv^ers, had been 
determined, and the equality of action to reaction, 
or of the motion lost to the motion acquired, had not 
only been established by reasoning, but confirmed 
by experiment. The fuller elucidation and farther 
extension of these principles were reserved for the 
period now treated of. . 

The developement of truth is often so gradual, 
that it is impossible to assign the time when cer- 
tain principles have been first introduced into 
science. Thus, ^ the principle of Virttud Veloci- 
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ties, as it is termed, which is now recognized as 
gulating the equilibrium of all machines whatsis* 
ever, was perceived to hold in particular cases long* 
before its full extent, or its perfect universalitT; 
was understood. Galileo made a great step to- 
ward the estebUshment of this principle when he 
generalized the property of the lever, and showed, 
that an equilibrium takes place whenever the sums 
of' the opposite momenta are equals meaning i^ 
momentum the product of the force into the vdo- 
city of the point at which it is applied. This ym 
parried &rther by Walhs, who appears to have been 
the first writer who, in his Mechanica, published 
in 1669> founded an entire system of statics on 
the principle of Cralileo, or the equality of the <^ 
posite momenta. The proposition, however, iw 
first enunciated in its full generality, and with 
perfect precision,  by John Bernoulli, in a letter 



• The principle of Virtual Velocities may be thus enunciat- 
ed :-^If a system of bodies be in a state of equilibrium^ in cott- 
sequenceof the action of any forces whateyer, on certain poinU 
in the system ; then were the equilibrium to be for a mem&A 
destroyed^ the small space moved over by each of tiiese 
points will express the virtual velocity of the power applied 
to it, and, if each force be multiplied into its virtual veloci* 
ty, the sum of all the products where the velocities are in 
the same direction, will be equal to the sum of all thoie is 
which they are in the opposite. 

The distinction between aqtual ajjid virtuii} velocit^s vas 
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ta Varignon, so late as the year 1717* Varignon 
inserted this letter at the end of the second edi* 
tion of his Projet d'une Nouvelle Mecanique, 
which was not published'till 1725. The first edi- 
tion of the same book appeared in l687f and had 
the merit of deriving the whole theory of the equi- 
librium of the mechanical powers, from the single 
principle ot the composition of forces. At first 
sight there appear in mechanics two independent 
pinciples of equilibrium, that of the lever, or of 
equal and opposite momenta, and that of the com- 
position of forces. To show that these coincide, 
and that the <me may be deduced from the other, 
is^ therefore, doing a service to science, and this 
the ingenious author just named accomplUhed by 
help of a propaiy of the parallelc^ram, which he 
wsetas to have been the first who demonstrated. 

The Principia Mathematica of Newton, publish- 
ed also in I687, marks a great era in the history 
of human knowledge, and had the merit of effect- 
ing an almost entire revolution in mechanics, by 
giring new powers and a new direction to its re- 
aearehes. In that work the composition of forces 
waa treated independently of the composition of 
motion, and the equilibrium of the lever was de- 

first made by Bernoulli, and is very essential to thinking 
as well as to speaking with accuracy on the nature of equi- 
libriums. 
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duced from the former, as well as in the treatis^^ 
already mentioned. From the equality of aetio 
and re-action it was also inferred, that the state o 
the centre of gravity of any system of bodies, i 
not changed by the action of those bodies on on^^ 
anolhen This is a great proposition in the me- 
chanics of the universe, and is one of the steps hy^ 
which that science ascends from the earth to the 
heavens j for it proves that the quantity of mo- 
tion existing in nature, when estimated in any one 
given direction, continues always of the same 
amount. 

But the new applications of mechanical reason- 
ing, — ^the reduction of questions concerning force 
and motion to questions of pure geometry,— -and 
the mensuration of mechanical action by its nas- 
cent effects, — are what constitute the great glory 
of the Principia, considered as a treatise on the 
theory of motion. A transition was there made 
from the consideration of forces acting at stated 
intervals, to that of forces acting continually,— 
and from forces constant in quantity and direction 
to those that converge to a point, and vary as any 
function of the distance from that point j the pro- 
portionality of the areas described about the cen- 
tre of force, to the times of their description j the 
equality of the velocities generated in descending 
through the same distance by whatever route; 
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tbe relation between the squares of the velocities 
produced or extinguished, and the sum of the ac- 
celerating or retarding forces, computed with a re- 
ference, not to the time during which, but to the 
distance over which they have acted. These are a 
few of the mechanical and dynamical discoveries 
I contained in the same immortal work; a fuller 
account of which belongs to the history of physical 
astronomy. 

The end of the seventeenth and the beginning 
of the eighteenth centuries were rendered illus- 
trious, as we have already seen, by the mathemati- 
cal discoveries of two of the greatest men who have 
ever enlightened the world. A slight sketch of 
the improvements which the theory of mechanics 
owes to Newton has been just given ; those which 
it owes to Leibnitz, though not equally important, 
nor equally numerous, are far too conspicuous to 
be passed over in silence. So far as concerns ge- 
neral principles they are reduced to three, — ^the 
mrgument of4;he sufficient reason, — the lawof con- 
tmuity, — and the measui^ment of the force of 
moving bodies by the square of their velocities ; 
which last, being a proposition that is true or false 
according to the light in which it is viewed, I have 
supposed it placed in that which is most favour- 
able. 

Witih regard to the first of these,— /Ae principle 
qf the sufficient reason, — according to which no- 
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thing exists in any state without a reason detemin-^ 
ing it to be in that state rather than in any other, 
•—though it be true that this proposition was ftrit 
distinctly and generally announced by the philoao- 
pher just named, yet is it certain that, long before 
his time, it had been employed by others in laying 
the foundations of science. Archimedes and Ga- 
lileo had both made use of it, and, perhaps, there 
never was any attempt to place the elementary 
truths of science on a solid foundation in which 
this principle had not been employed. We have 
an example of its application in the proof usudly 
given, that a body in motion cannot change the 
direction of its motion, abstraction being made 
from all other bodies, and from all external action ; 
for it is evident, that no reason exists to determine 
the change of motion to be in one direction more 
than another, and we therefore' conclude, that no 
such change can possibly take place. Many other in- 
stances might be produced where the same princi- 
ple appears as an axiom of the clearest and most 
undeniable evidence. Wherever, indeed, we can 
pronounce, with certainty, that the conditions 
which determine two different things, whedier 
magnitudes or events, are in two cases precisely 
the same, it cannot be doubted that these evrots 
or magnitudes are in all respects identical. 

However sound this [nincii^e may be m itself, 
the use which Leibnits sometimes made of it has 
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ttoided to bring it into discredit. He aigued, 
£ar example, thmt of the particles of matter no two 
can possess exactly the same properties, or can 
perfectly resemble one another, otherwise the Su- 
preme Being could have no reason for employing 
cue of them in a particular position more than 
another, so that both must necessarily be rejected* 
To argue thus, is to suppose that we completely 
understand the manner in which motives act on 
the mind of the Divinity, * a postulate that seems 
but ill suited to the limited sphere of the human 
underatanding. But, if Leibnitz has misapplied 
his own principle, and ext^ided its authority too 
fiu*, this affords no ground for rejecting it when 
we are studying the ordinary course of nature, and 
ai^uing about the subjects of experiment and ob- 
servation. In &ct, therefore, the sdenees which 
aspire to place their foundation on the solid basis of 
necessary truth, are much indebted to Leibnitz 
for the introduction of this principle into philo- 



* The argument of LeibniU seems evidently inconclu- 
sive For> though there were two similar ond equal atoms, 
yet as they could not co-exist in the same space^ they 
would not^ as far as position is concerned^ bear the same 
relation to the particles that siurrounded them ; there might 
exists therefore^ considering them as part of the materials to 
be employed in the construction of the imiverse, very good 
reasons for assigning different situations to each. 
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Another principle of great use in investigating 
the laws of motion, and of change in general, was 
brought into view by the same author, — the km iff 
Continuity^ — according to which, nothing passes 
from one state to another without passing through 
all the intermediate states. Leibnitz considers 
himself as the first who made known this law ; but 
it is fair to remark, that, in as much as motion is 
concerned, it was distinctly laid down by GaKleo,* 
and ascribed by him to Plato. But, though Leib* 
nitz was not the first' to discover the law of conti- 
nuity, he was the first who regarded it as a prin- 
ciple in philosophy, and used it for trying the con- 
sistency of theories, or of supposed laws of nature, 
and the agreement of their parts with one ano- 
ther. It was in this way that he detected the er- 
ror of Descartes's conclusions concerning the col- 
lision of bodies, showing, that though one case of 
collision must necessarily graduate into another, 
the conclusions of that philosopher did by ho 
means pass from one to another by such gradiud 
transition. Indeed, for the purpose of such de- 
tections, the knowledge of this law is extremely 
usefiil ; and I believe few have been much occu- 
pied in the investigations either of the pure or 
mixed mathematics, who have not often been glad 



• Opere di Galiieo, Tom. III. p. 150, and Tom. II. p. 32. 
Ediz. di Padova, 1744. 
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to try their own conclusions by the test which it 
furnishes. 

Leibnitz considered this principle as known a 
jniorif because if any saltus were to take place, 
that isy if any change were to happen without the 
intervention of time, the thing changed must be 
in two different conditions at the same individual 
instant, which is obviously impossible. Whether 
this reasoning be quite satisfactory or not, the con* 
formity of thfe law to the facts generally observed, 
cannot but entitle it to great authority in judging 
of the explanations and theories of natural pheno- 
mena. 

It was the usual error, however, of Leibnitz and 
his followers, to push the metaphysical principles of 
science into extreme cases, where they lead to con- 
elusions to which it was hardly possible to assent. 
The Academy of Sciences at Paris having propos- 
ed as a prize question, the Investigation of the 
Laws of the Communication of Motion, * John 
Bernoulli presented an Essay on the subject, very 
ingenious and profound, in which, however, he de- 
nied the existence of hard bodies, because, in the 
collision of such bodies, a finite change of motion 
must take place in an instant, an event which, on 
the principle just explained, he maintained to be 
impossible. Though the Essay was admired, this 

 In 1724. 
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eondunon was objected to^ and IKAkmberty 
h]8 eloge on the author, remarks, that, e?en 
the oolli«(m of ehstic' bodies, it is difficult to eoa 
erne how, among the parts which first come 
contact, a sudden change, or a change per m 
can be avoided* Indeed, it can only be m 
bjr supposing that there is no real contact, 
that bodies b^in to act upon one another 
their surfaces, or what seems to be their 
are yet at a ^stance« 

Maclaurin and some others are disposed, on 
count of the argument of Bernoulli, to reject 
law of continuity altogether. This, however, 
cannot help thinking, is to deprive ourselves of 
auxiliary that, under certain restrictions, may 





very useful in our researches, and is oft^i so, evesi 
to those who profess to reject its assistance. It £b 
admitted that the law of continuity generally lead5 
right, and if it sometimes lead wrong, the true 
business of philosophy is to define when it may be 
trusted to as a safe guide, and what, on the other 
handi are the circumstances which render its indi- 
cations uncertain. 

The discourse of Bernoulli, just referred to^ 
brought another new conclusion into the field, and 
b^n a controversy among the mathematicians of 
Europe, which lasted for many years. It wis a 
new thing to see geometers contending about the 
truths of their own science, and opposing one de- 
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nioiiirt;rat]oii to another^ The spectacle must have 
given pain to the true philosopher, but may have 
afiforded consolation to many who had look^ with 
envy on the certainty and quiet prevailing in a re* 
gion from which they found themselves excluded* 

Descartes had estimated the force of a moving 
body by the quantity of its motion, or by the pro- 
duct of its velocity into its mass. The mathemati- 
cians and philosophers who followed him did the 
same, and the product of these quantities was the 
measure of force universally adopted. No one^ in- 
deed, had ever thought of questioning the conform* 
ity of this measure to the phenomena of nature^, 
when, in 1666, Leibnitz announced in the Leipsic 
Jaumalf the demonstration of a great error com^ 
mitted by Descartes and others^ in estimating the 
force of moving bodies. In this paper, the author 
endeavoured to show, that the force of a moving 
body is Hot proportional to its velocity simply, 
but to the square of its velocity, and he sup* 
ported this new doctrine by very plausible rea- 
soning. A body, he says, projected upward 
against gravity, with a double velocity, ascends to 
four times the height j with the triple velocity, to 
nine times the height, and so on ; the height as- 
cended to being always as the square of the veloci- 
ty. But the height ascended to is the effect, and 
is tlie natural measure of the force^ therefore the 
force of a moving body is as the square of its velo- 
city. Such was the first reasoning of Leibnitz on 
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this subject, — simple, and apparently conclusive ; 
nor should it be forgotten that, during the long pe- 
riod to which the dispute was lengthened out, and 
notwithstanding the various shapes which it as- 
sumed, the reasonings on his side were nothing 
more than this original argument, changed in its 
form, or rendered more complex by the combination 
of new circumstances, so as to be more bewildering 
to the imagination, and more difficult either to ap- 
prehend or to refute.  

John Bernoulli was at first of a different opinion 
from his friend and master, but came at length to 
adopt the same, which, however, appears to have 
gone no farther till the discourse was submitted to 
the Academy of Sciences, as has been already men- 
tioned. The mathematical world could not look 
with indifference on a question which seemed to 
affect the vitals of mechanical science, and soon se- 
parated into two parties, in the arrangement of which, 
however, the effects of national predilection might 
easily be discovered. Germany, Holland, and 
Italy, declared for the vis viva ; England stood 
firm for the old doctrine ; and France was divided 



I loere pressure^ Leibnitz gave the name of vis moritia, 

'Am finrce of moving bodies the name of vis viva. The 

lefW admitted to be proportional to the simple power 

w mrUuU vdacity, and the second he held to be propor- 

to the square wf the actual velocity. 
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the two opinioDs. No dontroversy, per- 
haps, was ever carried on by more illu/strious dispu-. 
tants ; .Maclaurin, Stirling, Desaguliers, Jurin, 
C3arke^ MairaOy wene all engaged on the one sides; 
and on the opposite were Bernoulli, Herman, Fo  
leni, 3'6ntve8ende, Muschenbroek ; and it was 
not till l(mg after Che period to which this part of 
the Disaevtation is confined, that the debate could 
be said jto.be Brought to a conclusion. That; I may 
not, however, be obliged to break off a subject of 
which the' parts. iEtre closely connected together, I 
shall take the. liberty of transgressing the limits 
whicK the consideration of time would prescribe, 
and of now stating, as far as my plan admits of it, 
all that: respects this celebrated controversy. . . 

A singular circumstance may be remarked in the 
i^ole of the dispute. The two parties who adopt- 
ed sucK different measures of fbrce^ when any me- 
ehanical. problem was proposed concerning the ac- 
Eioii of bodies, whether at rest or in motion, resoIv« 
^ it in the same manner, and arrived exactly at 
he same conclusions. It was therefore evident, 
hstf however much their language and words were 
rpposedy: their ideas or opinions exactly agreed. 
In reality, the two parties were not at issue on the 
[liestion $ their positions, though seemingly oppo- 
dte, were not contrary to one another j and after 
lebating for nearly thirty years, they found out 
:his to be the truth. That the first men in the 

VOL. II, Y 



3S8 MATHEMATICAL Aim 

scientific world should have disputed so long with 
one another, without discovering that their opposi- 
tion was only in words, and that this should have 
happened, not in any of the obscure and tortuous 
tracts through which the human mind must grope 
its way in anxiety and doubt, but in one of the 
clearest and straightest roads, where it used to be 
guided by the light of demonstration, is one of the 
most singular facts in the history of human know- 
ledge. 

The degree of acrimony and illiberality which 
were sometimes mixed in this controversy was not 
very creditable to the disputants, and proved how 
much more men take an interest in opinions as be- 
ing their own, than as being simply in themselves 
either true or false. The dispute, as conducted by 
S'Gravesende and Clarke, took this turn, especial- 
ly on the part of the latter, who, in the schools of 
theology having sharpened both his temper and bis 
wit, accompanied his reasonings with an insolence 
and irritability peculiarly ill suited to a discussion 
about matter and motion. His paper on this sub- 
ject, in the Philosophical Transactions, * contains 
many just and acute remarks, accompanied with 
die most unfair representation of the argument (rf* 
Ilia antagonists, as if the doctrine of the vis tiva 
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* VoL XXXV. (1728,) p. 381. Hutton's Abridgment, 
III. Vll. n. 210. 
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wiere a matter of aft palpable absurdity as the denial 
of ofae of the axioms of geometry. * Now, the 
both is, that the argument in favour of Irving 
foroes 18 not at all liable to this reproach. One of 
die dBBbota producied by a moving body is proportion- 
al to the square of the velocity, while another is 
prapbrtional to the velocity simply j and, aceording 
to Which of these ways the force itself is to be mea* 
apred, may inwlve the propriety or impropnety of 
ittljiematical language, but cannot be charged with 
tbmtditj or contradiction. Absurdity, indeed, 
was a pepioadii that neither side had any right to 
cast on the other. 

A dissertation of Mairan, on the force of moving 

•——^■^——1  II I  - - 1 1 < I I. ' ■■■II I < 1 1 1 

* In all the arguments for the vis viva, this learned meta- 
physician saw nothing but a conspiracy formed against the 
MewtoniaB philogophy. ^* An extracnrdinary instance/' says 
lie^ ^ of die maintenance of the most palpable absurdity "#6 
have had in late years of very eminent mathematicians^ Leib- 
fijtz, BemouUiy Herman^ Grayesende^ who^ in <N^ar to raise 
A dust ef opposition against the Newtonian plnlosophy^ some 
jears back insisted with great eagerness on a principle which 
mdiverts all science^ and which easily may be made appear^ 
tf9ea to an ordinary capacity, to be contrary to the necessary 
«id essential nature of things." This passage may serve as 
a proof of the spirit which prevailed among the philosophers 
of tiliat time^ makmg them ascribe such illiberal views to one 
asiother^ and distorting so entirely both their own reascming 
and those of their adversaries. The spirit awakened by the 
cRsoovery of fluxions had not yet subsided. 
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bodies^ in the Memoires of the Academy of Scien* 
ces for 1728, is one of those in which the eommon 
measure of force is most ably supported. Never- 
theless, for a long time after this, the opinions on 
that subject in France continued still to be divided. 
]^ the list of the disputants we should hardly ex- 
pect to find a lady included, if we did not know 
that the name of Madame de Chastellet, along 
with those of Hypatia and Agnesi, was honourably 
enrolled in the annals of mathematical learning* 
Her writings on this subject are full of ingenuityi 
though, from the fluctuation * of her opinioiis, it 
seems as if she had not yet entirely exchanged the 
caprice of fashion for the austerity of science. A- 
bout the same time Voltaire engaged in the argur 



* Mad. de Chastellet^ in a Dissertation on Fire^ pubUshed 
in 1740^ took the side of Mairan^ and bestowed great praise 
on his discourse on the force of moving bodies. Havings 
however^ afterwards become a convert to the philosophy of 
Leibnitz^ she espoused the cause of the Vis Viva, and wrote 
against Mairan. At this time too she drew up a compend 
of the Leibnitian philosophy for the use of ber son, which 
displays ingenuity and acuteness^ and is certainly such a pre- 
sent as very few mothers have ever been in a condition to 
make to their children. Soon afterwards the same ladyi 
having become a Newtonian, returned to her former opinion 
about the force of moving bodies, and in the end, gave to 
her countrymen an excellent translation of the Prindpia of 
Newton, with a commentary on a part of it, 1^ superior to 
any other that has yet appeared. 
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ment^ and in a Memoire, * presented to the Aca- 
demy of Sciences in 17^1 > contended that the dis* 
pate was entirely about words. His reasoning is 
on the whole sound, and the suffrage of one who 
united the character of a wit, a poet, and a philo-^ 
sopher, must be of great importance in a country 
where the despotism of fashion extends even to 
j^osophic^l opinioou 

The controversy was now drawing to a conclu- 
aoDy t and in efl^t may be said to have been ter- 
itfiuBted by .the publication of D^ Alembert's Dy- 
namique in 1743. I am not pertain, however^ 
that all the disputants acquiesced in this decision^ 
at least till some years later, Dr Reid, in an essay 
On Quantity, in the Philosophical Transactions 
for 1748> has treated of this controversy, md re- 
marked, that it had been dropt rather than con- 
cluded. In this I confess I difier from the leam** 
ed author. The controversy seemed fairly ended, 
the arguments exhausted, and the conclusion esta- 
blishpdy that the propositions maintained by both 



* Doates 8ur la Mesure des Forces Motrices ; (Eavres de 
Vdtairey Tom. XXXIX. p. 91- 8vo edit. 1785. 

t Two very valuable papers that appeared at this late pe« 
iriod of tbe dispute are found in the Philosophical Transac- 
tions ; one by Desaguliers^ in 1733^ full of excellent remarks 
and valuable experiments ; another by Jurin> in 1745^ cont 
kdnnig a very fiill state of the whole controversy. 
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sides were true, and were not opposed to one an- 
other. Though the mathematical sciences cannot 
boast of never having had any debates, they can say 
that those that have arisen have always been 
brought to a satisfactory termination. 

The observations with which I am to conclude 
the present sketch, are not precisely the same with 
those of the French philosopher, though they rest 
nearly on the same foundation. 

As the effects of moving bodies, or the changes 
they produce, may vary considerably with acciden- 
tal circumstances, we must, in order to measure 
their force, have recourse to efiects which are uni- 
form, and not under the influence of variable causes. 
First, we may measure the force of one moving 
body by its effect upon another moving body ; and 
here there is no room for dispute, nor any doubt 
that the forces of such bodies are as the quantities 
of matter multiplied into the simple power of the 
velocities, because the forces of bodies in which 
these products are equal, are well known, if oppos- 
ed, to destroy one another. Thus one effect of 
moving bodies affords a measure of their force, 
which does not vary as the square ; but as the nm* 
pie po'wer of the velocity. 

There is also another condition of moving bodies 
which may be expected to afford a simple and ge- 
neral measure of their force. When a moving 
body is opposed by pressure, by a vis mortua, or a 
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r^st^nce like that of gravity, the quantity of such 
cmstwoe required to extinguish the motion, and 
Induce the body to Teat, must serve to meoliure the 
fpree of that hody. It U a force which, by repertt 
ed impulses* haa wnihilated a^other} and the^e im*- 
finls^ whw properly ooUeoted into on^ mm, mu9t 
eridently be equal to the force which they have ex- 
tiuguiibed. It happens, however, that there are 
two w^ya of computing the amount of these retardr 
ing fojKm which lead to different results, both ^f 
them justf and neither of them to be assumed to 
|he eselusion of the other* 
., jSuf^oae the body, the force of which is to be 
moeaured^ to be projeeted perpendicularly upward 
mth any velocity, then, if we would compute the 
quai^y of the force of gravity which is employed 
A r^uci^ it to rest, we may either inquire into 
the retordetion which that force produces during a 
i;iyeQ tm^ or while the body is moving over a 
i^rm space* In other words, we may either in- 
qnii^ hew long the motion will continue, or how 
fyd^ it will curry the body before it be entirely ex-» 
hiwui^* Jf the length of the time that the uni- 
.fcffn je^sistance must act before it reduce the body 
40 oest be taJien £^ the effect, and consequently fin: 
Jihp mj^Ure of the ^^rce of t^e body, that force mutt 
.bfipn^wtional to the velocity, for to this the time 
4fl eoilfessedly proporticmal. If, on the other hand, 
Jthe length of the line which the inoving body da- 
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scribes, while subjected to this umfonn resistance, 
be taken for the effect and the measure of the 
force, the force must be as the square of the velo- 
city, because to that quantity the line in question is 
known to be proportional. Here, therefore, are 
two results, or two values of the same things the 
force of a moving body, which are quite different 
from one another ; an inconsistency which evident^ 
ly arises from this, that the thing denoted by the 
term force j is too vague and indefinite to be capa* 
ble of measurement, unless some farther condition 
be annexed. This condition is no other than a 
specification of the work to be performed, or of the 
effect to be produced by the action of the inoviiig 
body. Thus, when to the question concerning the 
force of the moving body, you add that it is to be 
employed in putting in motion another body> which 
is itself free to move, no doubt remains that the feme 
is as the velocity multiplied into the quantity of matr 
ter. So also, if the force of the moving body is to be 
opposed by a resistance like thfU; pf gravity^ the 
length of time that the mpticm may pOntinue is (me 
of its measurable effects, and that effect is, like the 
former, proportional to the velocity. There- is a 
third effect to be considered, and one which al- 
ways occurs in such an experiment as the last,— 
the height to which the moving body will ascend. 
This limitation gives to the force a definite charac- 
ter, and it is now measured by the square^f the 
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velocity. In fact, tberefbre, it ii^ not a precis^ 
question to ask. What is the measure of the force 
of a moving body? You must, in addition, say, 
How is the moving body to be employed, or in 
which of its different capacities is it that you would 
measure its effect ? In this state of the question 
them is no Ambiguity, nor any answer to be given 
but one. Hence it was that the mathematicians 
apd philosophers who differed so much about th^ 
general question of the force of moving bodies^^ 
never differed about the particular applications of 
that force. It was because the condition necessary 
for limiting the vagueness and ambiguity of the 
data, in all such cases, was fully supplied* 

In the^ai^ment, therefore, so strenuously main* 
tained .on the force of moving bodies, both sides 
were partly in the right and both partly in the; 
wrong. Each produced a measure of force which 
was just in certain circumstances, and thus far had 
truth on his side : but each argued that his was the 
only true measure, so that all others ought to be 
rejected; snd here each of them was in error; 
Hence, also, it is not an accurate account of the 
controversy to say that it was about words merely ; 
the disputants did indeed misunderstand one ano- 
ther, but their error lay in ascribing generality to 
propositions that were true only in particular cases, 
to which, indeed, the ambiguity and vagueness of 
the vfordjorce materifdly contributed. It does not 
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' appear, however, that uiy good would now accroe. 
from changing the language of dyiwnica. If, as 
has been already said, to the queation^ How are wa, 
to measure the foroe of a moving body ? be added 
the nature of the effect which is to b^ produced^ aU 
ambiguity will be avoided; 
; Jt is, I think, only &rther necessary to observer 
that, when the resistance opposed to the moving 
body is not uniform but variable, according (k)i any 
law, it is not simply either the time or the ^aw 
which Is proportional to the velocity or to the aquaro 
of the velocity, but functions of those quaotitieSt 
These functions are obtiuned from the int^;ratiim 
of certain flu:donary expressions, in which the 
measures above described are af^lied* the iwnstsance 
being regarded as uniform for an infinitely, snail 
portion of the time or of the space. 

Many years aft^ the period I am now treating 
of, the controversy about the vif wva seemed to re* 
vive in England, on th^ occasion of an JBas^ m 
Mechanical Force, by the late Mr Smeaton, an 
/ able en^neer, who, to great practical doll, and 
much experience, added no inconsideraUe. knowr 
ledge of the mathematics. 

The reality of the vis viva, then, under certain 
conditions, is to be considered as a matter oompleter 
ly established. Another inquiry concerning tfa^ 
nature of this force, which also gave rise to consir 
deraUe debate, was, whether, in the communicatioa 
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of motion^ atad in the various changes through 
which moving bodies pass, th^ quantity. pf the vi4 
wva i^emains always the same ? It had been observe 
ecU in the poUision of elastic bodies, that the vis 
wbai OF the sum made up by multiplying each 
body into the square of its velocity, and addiag the 
prodiictB together, was the same after collision 
tJiat it was before it, and it was conclude with 
loine- precipitation, by those who espoused thq 
Leihilitian theory, that a similar result always took 
plkce inr the real phenomena of nature^ Other in* 
stances ivere isited ; and it was observed, that a par<f 
ticidar view of this principle which presented its^ 
to! jElaygens, had enal)led him to find the centre of 
osdUation'of a compound pepdulum, at a time whea 
the itate of mechanical science was scarcely pre* 
. pared for so difficult an investigation. The pro^ 
positioKi^ however, Ss true only when all the changes 
are gradual^ and rigorously subjected to the law 
ixf continuity^ Thus, in the ' collision of bodies 
imperfectly elastic, (a case which continually occurs 
in nature,) the force which, during the recoil, i^* 
telerates the separation of the bodies, does not re- 
8tc»« to them the whole velocity they had lost, and 
tike vis tmoj after ihe collision, is always less than 
it was before it. The cases in which the whole 
amount of the vis viva is rigorously preserved, 
may always be brought under the thirty-ninth pro- 
position of the first book €)i the Frincipia, wher^ 
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the principle of this theory is placed on its tme^ 
foundation. 

So iar as General Principles are concemedy the 
preceding are the chief mechanical improvements 
which belong to the period so honourably di9tin<» 
guished by the names of Newton and Leibnitz. 
The application of these principles to the sohriiioB 
of particular problems would afford materials fos 
more ample discussion than suits the nature 4if m 
historical outline. Such problems as that of find- 
ing the centre of oscillation,«-*the nature of thb 
catenarian curve,«-^he determination of the line 
of swiftest descent,— the retardation produced to 
motion in a medium that resists according to the 
square of the velocity, or indeed according to any 
function of it, — the determination of the ehslio 
curye, or that into which an elastic spring forms 
itself when a force is applied to bend it,'^--^!! these 
were problems of the greatest interest, and. weie 
now resolved for the first time ; the science of 
mechanics being sufficient, by means of the compo* 
sition of forces, to find out the fluxionary or di& 
ferential equations which expressed the nature of 
the gradual changes which in all these cases were 
produced, and the calculus being now sufficiently 
powerful to infer the properties of the finite from 
those of the infinitesimal quantities. 

The doctrine of Hydrostatics was cultivated in 
England by Cotes. The properties of the atmor 
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qoiherey or of elastic fluids^ were also experimental- - 
ly, inyestigated ; and the barometer, after the inge- 
nuity of Pascal had proved that the mercury stood 
lower the higher up into the atmosphere the instru- 
ment was carri^ was at length brought to be a^ 
measure of the height of mountains. Mariotte 
iqf^oars. to have been the first who proposed this 
use of it| and who discovered that, while the' 
height from the ground increases in arithmetical,^ 
the density of the atmosphere, and the column of 
meaccurj in the barometer, decrease in geometrical 
progressiim. Halley, who seems also to have come: 
of himself to the same conclusion, proved its truth 
by strict geometrical reasoning, and showed, that 
logarithms are easily applicable on this principle to* 
the . problem of finding the height of mountains. 
This was in the year 1685. Newton two years a£« 
terwards .gav£ a demonstration of the same, extend- 
ed to. the case when gravity is not constant, but 
varies as any power of the distance from a given* 
centre. 

To the aissiduous observations and the indefati- 
gable activity of Halley, the natural history of the 
atmosphere, of the ocean, and of magnetism, are 
all under the greatest obligations. For the pur- 
pose of inquiring into these objects, this ardent 
and philosophical observer relinquished the quiet 
of academical retirement, and, having gone to St 
Helena, by a residence of a year in that island. 
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not only made an addition io the catalogue of die- 
stars, of 860 from the southern hemisphere, but 
returned with great acquisitions both of nautical 
and metem'ological knowledge. His ofaservatiansi 
on evaporation were tke foundation of two valuabte 
papers on the origin of fountains } in^which, for 
the first timci the sufficiency of the vapour taken 
up into the atmosphere, to maintain the perennial 
flow of springs and rivers, was established by ua^ 
deniable evidence. The difficulty which m^i 
found in conceiving how a precarious and aqcident^ 
al supply like that of the rains, can sufficiently 
provide for a great and regular expenditure like 
that of the rivers, had given rise to those irarioua 
opinions concerning the origin of fountains, whidi 
had hitherto divided the scientific wcnrkL A long 
residence on the summit of an insulated rock in 
the midst of a vast ocean, visited twice every year 
by the vertical sun, would have affi^rded to an 
observer, less quick-sighted than Halley, an oppor- 
tunity of seeing the work of evaporation carried on 
with such rapidity and copiousness as to be a sub- 
ject of exact measurement. From this extceme 
case, he could infer the medium quantity, at least 
by approximation ; and he proved that, in the Me- 
diterranean, the humidity daily raised up by evapo- 
ration is three times as great as that which is dis- 
charged by all the rivers that flow into it. The 
•rigin of fountains was no longer questioned, and 
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of/ the multitude t£ opinions on that subject, 
vtfaieh had liitherto perplexed philosophers, all but 
one entirely disappeared. * 
' 'Beside the voyage to St Helena, Halley made 
twt^ others ; the British goTernment having been 
et^htened, and liberal enough to despise profess- 
thrui etigustte, where the interests of science were 
fUt stake, and ta entrust to a Doctor of Laws tfie 
toimmuid of a ship of war, in which he traversed 
the Atlantic and Pacific Oceans in various direc- 
tioUB, as far as the 5dd degree of south latitude, 
tad returned with a collection of facts and observa- 
tions for the improvement of geogn^hy, meteordo- 
igy, and navigation, far beyond that which any indi- 
^dual traveller or voyager had hitherto brought 
together. 

The variation of the compass was long before 
ihis time Icnown to exist, but its laws had never 
yM been ascertained. These Haltey now deter- 
-tioined fbom his own observations, combined with 
those of former navigators, in so &r as to trace, on 
a nautical chart, the lines of the same variation 
^over a great part both of the Atlantic and Pacific 
Oceans, affording to the navigator the ready means 
of correcting the errors which the deviation of the 
needle, from the true meridian, was calculated to 
produce. In his diflferent traverses he had four 
times intersected the line of no variation, which 
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 Philosophical Transactions, 1687, Vol. XVI. p. 366. 
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seemed to divide the earth into two pMrts, the va«i 
nations on the east side being towurds the weit^ 
and on the west side towards the east. These 
lines being found to change their position' in the 
course of time, the place assigned to the magneti* 
€al poles could not be permanent. Any thewy, 
therefore, which could affi)rd an explanation of 
their changes must necessarily be complex and dif* 
ficult to be established* The attempt of Halley to 
give such an explanation, though extremely iagi^ 
nions, was liable to great objections ; and while it 
has shared the fate: of most of the theories which 
have been laid down before the pheaometia, hwi 
been sufficiently explored, the general facts. which 
he established have led to most. of. the, improYch 
ments and discoveries which have since been. made 
respecting the polarity of the needled; 

Besides the conclusion just mentioned, Dt HiA- 
ley derived, from his observations, a very complete 
history of the winds which blow in the tropical re- 
gions, viz. the trade-wind, and the monsoons, toge« 
ther with many interesting facts concerning the 
phenomena of the tides. The chart which coii- 
tained an epitome of all these facts was published 
in 1701. 

The above are only a part of the obligations 
which the sciences are under to the observations 
and reasonings of this ingenious and indefatigable 
inquirer. Halley was indeed one of the ablest and 
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inost accomplished men of his age. A scholar well 
Tersed in the learned languages, and a geometer 
profoundly/ skilled in the ancient analysis, he re- 
stored to their original elegance some of the precious 
fbgments of that, analysis, which time happily had 
not entirely defaced. He was well acquainted al- 
so with the algebraical and fluxionary calculus, and 
was both in theory and practice a profound and 
laborious astronomer. Finally, he was the friend of 
^fewton, and often stimulated, with good effect, 
the tardy purposes of that great philosopher. Few 
men, therefore, of any period, have more claims 
than Halley on the gratitude of succeeding ages. 

The invention of the thermometer has been al- 
ready noticed, and the improvements made on that 
instrument about this period, laid the foundation of 
many future discoveries. The discovery of two 
fised temperatures, each marked by the same «x- 
painsion of the mercury in the thermometer, and 
the same condition of the fluid in which it is im-> 
mers^, was made about this time. The differ- 
ences of temperature were thus subjected to exact 
measurement ; the phenomena of heat became, of 
course, known with more certainty and precision ; 
and that substance or virtue, to which nothing is 
impenetrable, and which finds its way through the 
rarest and the densest bodies, apparently with the 
same facility, — which determines so many of our 
sensations, and of which the distribution so mate** 

VOL. II, z 
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rially influences all the phenomena of animal and 
vegetable life, came now to be known, not, indeed, 
in its essence, but as to all the characters in which 
we are practically or experimentally concerned. 
The treatise on Fire, in Boerhaave's Chemistry, is 
a great advance beyond any thing on that subject 
hitherto known, and touches, notwithstanding many 
errors and imperfections, on most of the great 
truths, which time, experience, and ingenuityt have 
since brought into view. 

It was in this period also that electricity may be 
said first to have taken a scientific form. The pow* 
er of amber to attract small bodies, after it has 
been rubbed, is said to have been ki|aw9 to Tha- 
les, and is certainly made mention of by Theo- 
phrastus. The observations of Gilbert, a physician 
of Colchester, in the end of the sixteenth century, 
though at the distance of two thousand years, made 
the first addition to the transient and supeificial 
remarks of the Greek naturalist, and aShrd a pret- 
ty full enumeration of the bodies which can be 
rendered electrical by friction* The Academia 
del Cimento, Boyle, and Otto Guericke, followed 
in the same course ; and the latter is the first who 
mentions the crackling noise and faint light which 
electricity sometimes produced. These, however, 
were hardly perceived, and it was by Dr Wail, as de- 
scribed in the Philosophical Transactions, that they 
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were (rsfc distiiiotly observed. * By a angulaily 
fortapate aaticipatioii, he remarks of the light and 
Gnmkhng, that they seemed, in some degree, to re- 
pp^eawt thunder aod lightning. 

After the expenments of Hiiuksbee in I709, by 
whiidi the knowledge of this mysterious substance 
wasjoomiderably advanced, Wheeler and Gray, who 
hadl diseoTered that one body could Qommuuicate 
eleotncily to another without rubbing, being will- 
ing to try to what distance the electviqal virtue 
migbt lie thus conveyed, employed, for the pur- 
pme oi jforming the communication, a hempen 
430(109 which they extended to a considerable 
kttgtiit Mqaporting it from the sides, by threes 
which, in order to prevent the di^ipation of the 
idectricity, they thought it proper to ms^ke £is slen- 
der as posnble. They employed ^silk threads with 
that view, and found the experiment to sucqeed- 
Thinking that it would succeed still better, if 
the supports were made still more slender, they 
tried very fine metallic wire, and were surprised to 
find, that the hempen rope, thus supported, con- 
veyed no electricity at all. It was, therefore, as 
being silkj and not as being small, that the threads 
had served to retain the electricity. This accident 

.  Wall's paper is in the Transaclmis for 1708, Vol. XXVI. 
No. 314, p. 69' — Hauksbee on Electrical Light, in the same 
volume. See Abridgment, Vol. V. p. 408, 411. 
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led to the great distinction of substances conduct- 
ing and not conducting electricity. An extensive 
field of inquiry was thus opened, a fortunate acci- 
dent having supplied an instantia crucis^ and enabled 
these experimenters to distinguish between what 
was essential and what was casual in the operation 
they had performed. The history of electricity, 
especially in its early stages, abounds with ftcts of 
this kind ; and no man, who would study the na- 
ture of inductive science, and the rules for the in- 
terpretation of nature, can employ himself better 
than in tracing the progress of these discoveries. 
He will find abundant reason to admire the inge- 
nuity as well as the industry of the inquirers, but 
he will often find accident come in very oppcntone- 
ly to the assistance of both. The experiments o£ 
Wheeler imd Gray are described in the Transac- 
tions for 17S9. 
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Section III. 

OPTICS. 

The invention of the telescope and the micro* 
scope, the discoveries made concerning the proper- 
ties of light and the laws of vision, added to the 
&cility of applying mathematical reasoning as an 
instrument of investigation, had long given a pecu« 
liar interest to optical researches. The experi- 
ments and inquiries of Newton on that subject be- 
gan in 1666, and soon made a vast addition both 
to the extent and importance of the science. He 
was at that time little more than twenty-three years 
old; he had already made some of the greatest 
and most original discoveries in the pure mathema- 
tics ; and the same young man, whom we have 
been admiring as the most profound and inventive 
of geometers, is to appear, almost at the same mo- 
ment, as the most patient, faithful, and sagacious 
interpreter of nature. These characters, though 
certainly not opposed to one another, are not often 
combined ; but to be combined in so high a de- 
gree, ^nd in such early life, was hitherto without 
example* 
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In hopes of improving the telescope, by giving 
to the glasses a figure different from the spherical, 
he had begun to make experiments, and had pro- 
cured a glass prism, in order, as he tells us, to try 
with it the celebrated ^phenomena of colours. * 
These trials led to the discovery of the different 
refrangibility of the rays of light, and are now too 
well known to stand in need of a particular descrip- 
tion. 

Having admitted a beam of light into a dark 
chamber, through a hole in the window-shutter, 
and made it fall on a glass prism, so placed as to 
cast it on the opposite wall, he was delighted to ob- 
serve the brilliant colouring of the sun's image, and 
not less surprised to observe its figure, which, in- 
stead of being circular, as he expected, was oblong 
in the direction perpendicular to the edges of the 
prism, so as to have the shape of a parallelogram, 
rounded at the two ends, and nearly five times as 
long as it was broad. 

When he reflected on these appearances, he saw 
nothing that could explain the elongation of the 



• Phil, Trans. Vol. VI. (l67«,) p. 3075. Also Hntton's 

Abridgment, Vol. I. p. 678. The account of the ezpenmentt 

UJn a letter to Oldenburg^ dated February I672 ; it is the 

ni Newton's works that was published. It is plain from 

"* «ttdd above^ that the phenomena of the prismatic 

wtoe not unknown at that time, however little diey 

■fcpitood, and however imperfectly observed. 
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image but tbe supposition that some of the rays of 
li^hty in passing through the prisiUy were more re- 
fiiEieted than others* so that rays which were paral^ 
lei when they fell on the prism» diverged from one 
another after refraction, the rays that differed in 
refttingtt>ility differing alsniin colour. Tb^ spectrunt^ 
or solar image, would thus consist of a series of diu 
euiyr imtiges partly covering one another, and part- 
ly prcrjecting one beyond another, from the red ot 
least refrangible rays, in succession, to the orange, 
yelkrw, green, blue, indigo, and violet, the most re«- 
frangible of all. 

It was not, however, till he tried every other hyi- 
pothesis which suggested itself to his mind by the 
tiet of experiment, and proved its feUacy, that he 
aidopted this as a true interpretation of the pheno** 
menii. Bven after these r^ections, h^s explanation 
had still to abide the sentence of an esperimentwn 

Having admitted the light and applied a prism 
as before, he received the coloured spectrum on a 
board at the distance of about twelve feet from the 
first, and also pierced with a small hole. The oo« 
loured light which passed through this second hole 
was made to fall on a prism, and afterwards reoeiv. 
ed on the opposite wall. It was then found that 
the rays which had been most refracted, or most 
bent from their course by the first prism, were 
most refracted also by the second, though no new 
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colours were produced. " So,** says he, " the true 
cause of the length of the unage was detected to be 
no other than that light consists of rays differently 
refrangible, which, without any respect to a differ- 
ence in their incidence, were, according to their 
degrees of refrangibility, Jtransmitted towards divers 
parts of the wall/* * 

It was also observed, that when the raya which 
fell on the second prism were all of the same colour, 
the image formed by refraction was truly circular, 
and of the same colour with the incident light 
This is one of the most conclusive and satisfactory 
of all the experiments. 

When the sun*s light is thus admitted first 
through one aperture, and then through another at 
some distance from the first, and is afterwards made 
to fall on a prism, as the rays come only from a 
part of the sun's disk, the spectrum has nearly the 
same length as before, but the breadth is greatly 
diminished ; in consequence of which, the light at 
each point is purer, it is free from penumbra, and 
the confines of the different colours can be more ac- 
curately traced. It was in this way that Newton 
measured the extent of each colour, and taking the 
mean of a great number of measures, he assigned 
the following proportions, dividing the whole length 

• Phil. Trans. Vol. VI. (1672,) No. 80. p. 3075. 
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of the spectrum, exclusive of its rounded termina- 
tionsp into 360 equal parts ; of these the 



Red occupied 


45 


Orange 


• ^ 


Yellow - . . 


48 


Green 


60 


Blue 


60 


Indigo 


40 


Violet 


80. 



Between the divisions of the spectrum, thus made 
by the different colours, and the divisions of the 
monochord by the notes of music, Newton con- 
ceived that there was an analogy, and indeed an 
identity of ratios )• but experience has since shown 
that this analogy was accidental, as the spaces occu* 
pied by the different colours do not divide the spec- 
trum in the same ratio, when prisms of di&rent 
kinds of glass are employed. 

Such were the experiments by which Newton 
first " untwisted all the shining robe of day,'* and 
made known the texture of the magic garment 
which nature has so kindly spread over the surface 
of the visible world. From them it followed, that 
colours are not qualities which light derives from 
refraction or reflection, but are original and confiate 
properties connected with the different degrees of 
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rerrangibility that belong to the difiiiratit imyg. 
The same colour is always joined to the mtae de* 
gree of refranglbility, and conversely, the same de- 
gree of refranglbility to the tmxhe eolonr* 

Though the seven already enomerMed are pri- 
mary and simple colours, any of them may also 
be produced by a mixture of others. A mixture 
of yellow and blue, for instance, makes green i of 
red and yellow orange ; and, in geaend, if two co- 
lours, which are not very far asunder in the natural 
series, be mixed together, they compound the colour 
that is in the mid^e between them. 

But the most surpriinng composition ti $31, New« 
ton observes, is that of whiteness $ which is not pro- 
duced by one sort of ra3rs, but by the taiixtttre of all 
the colours in a certain proportion, namely, in Chit 
proportion which they have in the solar 8peetroiii« 
This fact may be said to be made out both by ana* 
lysis and composition. The white l%ht of the sun 
can be separated, as we have just seen, into the 
seven simple colours ; and if these colours be united 
again they form white. Should any of them have 
been wanting, or not in its due prop<Htion» the 
white produced is defective* 

It appeared, too, that natural bodies, of whatever 
colour, if viewed by simple and homogeneous light) 
are seen of the colour of that light, and of no other. 
Newton tried this very satisfactory experiment on 
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bodies of all colours, and found it to hold uniform* 
ly ; the light was ncTer changed by the colour of the 
body that reflected it. 

Newton, thus furnished with so many new and 
accurate notions concerning the nature and pro* 
dUction of colour, proceeded to apply them to the 
explanation of phenomena. The subject which na*- 
turally offered itself the first to this analysis was the 
rainbow, Which, by the grandeur and simplicity of 
its figure, added to the brilliancy of its colours, in 
every age has equally attracted the attention of the 
peasMit and of the philosopher. That two refi'ao- 
tkms tod one reflection were at least a part of the 
machinery which nature employed in the coniitrtic- 
tion of this splendid arch, had been known from the 
tiine of Antonio de Dominis ; and the manner ifi 
^ich the arched figure is produced had been shown 
by Descartes ; so that it only remained to explain 
the nature of the colour and its distribution. A^ 
the colours were the same with those exhibited by 
the prism, and succeeded in the same order, it could 
hardly be doubted that the cause was the same. 
Newtdh showed the truth of his principles by cal- 
culating the extent of the arch, the breadth of the 
coloured bow, the position of the secondary bow, its 
distance from the primary, and by explaining thfe 
inversion of the colours. * There is not, perhaps. 



Optics, Book I. Prop. 9. 
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in science any happier application of theory, or any 
in which the mind rests with fuller confidence. 

Other meteoric appearances seemed to be capable 
of similar explanations, but the phenomena being 
no where so regular or so readily subjected to mea? 
surement as those of the rainbow, the theory cannot 
be brought to so severe a test, nor the evidence ren- 
dered so satisfactory. 

But a more difficult task remained,-Hto explain 
the permanent colour of natural bodies* Her^ 
however, as it cannot be doubted that all colour 
comes from the rays of light, so we must conclude 
that pne body is red/ and another violet, because 
the one is disposed to reflect the' red or least re- 
frangible rays, and the other to reflect the vkAet 
or the most refrangible. Every body manifests its 
disposition to reflect the light of its own peculiar 
colour, by this, that if you cast on it pure light, first 
of its own colour, and then of any other, it will re- 
flect the first much more copiously than the second. 
If cinnabar, for example, and ultra* marine blue be 
both exposed to the same red homogeneous light, 
they will both appear red ; but the cinnabar strong- 
ly luminous and resplendent, and the ultra-maripe 
of a faint obscure red. If the homogene^ light 
thrown on them be blue, the converse of the above 
will take place. 

Transparent bodies, particularly fluids, often 
transmit light of one colour and reflect light of 
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another* Halley told Newton, that, being deep 
under the surface of the sea in a diving-bell, in a 
clear sunshine day, the upper side of his hand, on 
which the sun shone darkly through the water, and 
dirough a ^small glass window in the diving-bell, ap- 
peared of a red colour, like a damask rose, while the 
water below, and the under part of his hand, looked 
green.  

But, in explaining the permanent colour of bo- 
dies, this difficulty always presents itself, — Suppose 
that a body reflects red or green light, what is it 
that decomposes the light, and separates the red or 
the green from the rest ? Refraction is the only 
ttieans of decomposing light, and separating the 
rays of one degree of refrangibility and of one co- 
lour, from those of another. This appears to have 
been what led Newton to study the colours produced 
by light passing through thin plates of any trans- 
parent substance. The appearances are very re- 
markable, and had already attracted the attention 
both of Boyle and of Hooke, but the facts observ- 
ed by them remained insulated in their hands, and 
unconnected with other optical phenomena. 
.It probably had been often remarked, that when 
two transparent bodies, such as glass, of which the 
surfaces were convex in a certain degree, were pres.- 
sed together, a black spot was formed at the contact 

* Optics, p. 115. Horsley's edit 
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of the two, which was gurroonded with cokioied 
rings, more or less r^olar, according to the form 
of the surfaces. In order to analyze a phenomeiian 
that seemed in itself not a little curious, Newton 
proposed to make the experiment with sui&ces 
a r^;ular curvature, such as was capable c^ beings 
measured. He took two object-glasses, one a pla^ 
no-convex for a fourteen feet telescope, the odm a 
double convex for one of about fifty feet, and upon 
this last he laid the other with its plane side down- 
wards, pressing them gently tc^ether. At their 
contact in the centre was a pellucid spot, through 
which the light passed without suffering any reflee* 
tion. B4>und this spot was a coloured eirde or 
ring, exhibiting blue, white, yellow, and red. 
This was succeeded by a pellucid or dark ring, then 
a coloured ring of videt, blue, green, yellow, and 
red, all copious and vivid except the green. The 
third coloured ring consisted of purple, blue, grew, 
yellow, and red. The fourth consisted of green and 
red ; those that succeeded became gradually more 
dilute, and ended in whiteness. It was possible to 
count as far as seven* . 

The colours of these rings were so marked by 
peculiarities in shade and vivacity, that Newton 
ccmsidered them as belonging to different ordecs ; 
so that an eye accustomed to ex;amine them* on aiiy 
particular colour of a natural object being pointed 
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out, would be able to determine to what order in 
this series it belonged. 

Thus we have a system of rings or zones sur* 
rounding a dark central spot, and themselves al«> 
ternately dark and coloured, that is, alternatelj 
transmitting the light and reflecting it. It is evi- 
dent that the thickness of the ^ates of air inter- 
posed between the glasses, at each of those rings, 
must be a very material element in the arrangement 
of this system. Newton, therefore, undertook to 
compute their thickness. Having carefully measur* 
ed the diameters of the first six coloured rings, at 
the most lucid part of each^ he found their squares 
to be as the progression of odd numbers 1, 3, 5, 7f 
ke. The squares of the distances from the centre 
of the dark spot to each of these circumferences, 
were, therefore, in the same ratio, and consequent- 
ly the thickness of the plates of air, or the inter- 
vals between the glasses, were as the numbers 
1,3,5, 7, Ac. 

When the diameters of the dark or pellucid 
rings which separated the coloured rings were 
measured, tl^ir squares were found to be as the 
even numbers 0, S, 4, 6, and, therefore, the thick- 
ness of the plates through which the light was 
' whdly transmitted were as the same numbers. A 
great many repeated measurements assured the ac- 
curacy of these determinations. 

As tl») curvature of the convex glass on which 
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the flat surface of the plano-convex rested was 
known, and as the diameters of the rings were 
measured in inches, it was easy to compute the 
thickness of the plates of air, which corresponded 
to the different rings. 

An inch being divided into I78OOO parts, the 
distance of the lenses for the first series, or for the 

himinous rings, was 178000' Ttsuoo' TtSooo' &«• 

2 4 

For the second series 178000 'Ttsooo"' &c. 

When the rings were examined by looking 
through the lenses in the opposite direction, the 
central spot appeared white, and, in other rings, 
red was opposite to blue, yellow to violet, and green 
to a compound of red and violet ; the colours form- 
ed by the transmitted and the reflected light being, 
what is now called complementary, or nearly so, of 
one another ; that is, such as when mixed produce 
white. 

When the fluid between the glasses was different 
from air, as when it was water, the succession of 
rings was the same ; the only difference was, that 
the rings themselves were narrower. 

. When experiments on thin plates were made in 
sttob a way that the plate was of a denser body than 
the surrounding medium, as in the case of soap- 
l^ubbles, the same phenomena were observed to 
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take place. These phenomena Newton also ex- 
amined with his accustomed accuracy, and even be- 
stowed particular care on having the soap*bubbles 
as perfect and durable as their frail structure would 
admit. In the eye of philosophy no toy is despi- 
cable, and no occupation frivolous, that can assist in 
the discovery of truth. 

To the different degrees of tenuity, then, in 
transparent substances, there seemed to be attach- 
ed the powers of separating particular colours from 
the mass of light, and of rendering them visible 
sometimes by reflection, and, in other cases, by 
transmission. As there is reason to think, then, 
that the minute parts, the mere particles of all bo- 
dies, even the most opaque, are transparent, they 
may very well be conceived to act on light after the 
manner of the thin plates, and to produce each, ac- 
cording to its thickness and density, its appropriate 
colour, which, therefore, becomes the colour of the 
surface. Thus the colours in which the bodies 
round us appear everywhere arrayed, are reducible 
to the action of the parts which constitute their sur- 
faces on the refined and active fluid which pervades, 
adorns, and enlightens the world. 

But the same experiments led to some new and 
unexpected conclusions, that seemed to reach the 
very essence of the fluid of which we now speak. 
It was impossible to observe, without wonder, the 
Tings alternately luminous and dark thbt were fprm- 

VOL. II. A a 
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ed b e t w ee n the two plates of ^ass in the preoediog 
ezperimentit and detennined to be what they were 
bjr the daBereat thidoiesa (rf* the air between die 
^atesy and baring to that thidmcgs the idatioai 
fbnnerly eipened. A pbte of which the thick- 
neai was equal to .a certain quantity multiplied bj 
an odd number, gave always a circle of the oat 
kind; but if the thickness rfthe phte waseqaJto 
the same quantity multiplied by an even nuniber» 
the circle was (tf another kind, the lig^inthefint 
case, bemg reflected, in the second transmitteiL 
Light penetmting a thin transparmt pkte^ of 
whidi die thickness was m, Sm, 5m^ &c. was de- 
composed and reflected ; the same light penetmt- 
ing the same pbite, but of the thickness 0^ Sm, 4a^ 
was transnntted, though, in a certain d^ree, aho 
decomposed. The same light, therefore, wis 
transmitted or reflected, according as the seccHid 
surface of the plate of air through which it passed 
was distant from the first by the intervals 0, Ssit 
4anf or in, 3]7f, Sm ; so that it becomes necessary 
to suppose the same ray to be successively il^HH?^ 
to be transmitted and to be reflected at points of 
space separated from one another by the same in- 
terval m. This constitutes what Newton called 
Fits cf easy transmission and easy refiection^ and 
forms one of the most singular parts (tf his optical 
discoveries. It is so unlike any thing whidi ana- 
logy teaches us to expect, that it has often been 
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viewed with a degree of incredulity, and regarded 
as at best but a conjecture introduqed to account 
for certain optical phenomena. This, however, is 
by no means a just conclusion, for it is, in reality, a 
necessary inference from appearances accurately ob* 
served, and is no less entitled to be considered as a 
fact than those appearances themselves. The diffi- 
culty of assigning a cause for such extraordinary al- 
ternations cannot be denied, but does not entitle 
us to doubt the truth of a conclusion fairly deduced 
firom experiment. The principle has been confirmed 
by phenomena that were unknown to Newton him« 
8^ and possesses this great and unequivocal cha- 
racter of philosophic truth, that it has served to ex- 
^ain appearances which were not observed till long 
after the time when it first became known. 

We cannot follow the researches of Newton into 
what regards the colours of thick plates, and of bo- 
dies in general. We must not, however, pass 
over his explanation of refraction, which is among 
the happiest to be met with in any part of science, 
and has the merit of connecting the principles of 
optics with those of dynamics. 

The theory from which the explanation we 
speak of is deduced is, that light is an emanation of 
particles, moving in straight lines with incredible 
velocity, and attracted by the particles of transpa- 
rent bodies. When, therefore, light falls oblique- 
ly on the surface of such a body, its motion may be 
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resolved into two, one parallel to that surface, and 
the other perpendicular to it. Of these,, the first 
is not affected by the attraction of the body, which 
is perpendicular to its own surface ; and, there* 
fore, it remains the same in the refracted that it 
was in the incident ray. But the velocity perpen* 
dicular to the siuface is increased by the attraction 
of the body, and, according to the principles of 
dynamics, (the Sgth, Book I. Frincip.) whatever 
be the quantity of this velocity, its square, on en- 
tering the same transparent body, will always be 
augmented by the same quantity. But it is easy 
to demonstrate that, if there be two right-angled 
triangles, with a side in the one equal to a side is 
the other, the hypothenuse of the first bdng given, 
and the squares of their remaining sides differing 
by a given space, the sines of the angles opposite to 
the equal sides must have a given ratio to one ano- 
ther. ^ This amounts to the same with saying, 
that, in the case before us, the sine of the angle o( 
incidence is to the sine of the angle of refraction 
in a given ratio. The explanation of the law af 
refraction thus given is so highly satisfactory, that 
it affords a strong argument in favour of the system 
which considers light as an emanation of particles 
from luminous bodies, rather than the vibrations of 
an elastic fluid. It is true that Huygens deduced ^ 



 Optics, Book II. Part iii. Prop.. 10. 
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from this last hypothesis an explanation of the law 
of refraction, on which considerable praise was be- 
stowed in the former part of this Dissertation. It 
is undoubtedly very ingenious, but does not rest 
on the same soHd and undoubted principles of dy- 
namics mth the preceding, nor does it leave the 
mind so completely satisfied. Newton, in his 
Pruicipia, has deduced another demonstration of 
the same optical proposition from the theory of 
eentnd forces. * 

The different refrangibility of the rays of light 
forms no exception to the reasoning above. The 
jdjB of each particular colour have their own parti- 
\sdBT ratio subsisting between the sines of inci. 
dence and refraction, or in each, the square that is 
added to the square of the perpendiculai' velocity 
has its own value, which continues the same while 
the transparent medium is the same. 

Light, in consequence of these views, became, 
ih the hands of Newton, the means of making 
important discoveries concerning the internal 
and chemical constitution of bodies. The square 
that is added to that of the perpendicular ve- 
locity of light in consequence of the attractive 
force of the transparent substance, is properly the 
measure of the quantity of that attraction, and is 



* Prin. Math* Lib. I. Prop. 94. Also Optics, Book I. 
Prop. 6. 



974 MATHEMATICAL AKD 

the same with the dtOference of the squares of the 
velocities of the incident and the lefiracted light. 
This is readily deduced, therefore, from the ratio 
of the angle of incidence to that of refraction ; and 
when this is done for different substances, it is 
found, that the above measure of the refrneting 
power of transparent bodies is nearly proportional 
to their density, with the exception of those which 
contain much inflammable matter in their compo- 
sition, or sulphur, as it was then called, which 
is always accompanied with an increase of refract- 
ing power. * 

- Thus, the refracting power, ascertained as above, 
wh^i divided by the density, gives quotients not 
very different from one another, till we come to 
the inflammable bodies, where a great increase im- 
mediately takes place. In air, for instance, the 
quotient is 5S08, in rock-crystal 5450,. and the 
same nearly in common glass. But in spirit o 
wine, oil, amber, the same quotients are 10121 
12607> 1^654. Newton found in the diamond, thai 
this quotient is still greater than any of the preced 
ing, being 14556. t Hence he Conjectured, w 
has since been so fully verified by experiment 
that the diamond, at least in part, is an 
mable body. Observing, also, that the re: 
power of water is great for its density, the qu 

 Newton's Optics^ Ibid. t Ibid. 

12 
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tienty expounding it as above, being 7^^» he con- 
clnded, that an inflammable substance enters into 
the composition of that fluid, — a conclusion which 
has been confirmed by one of the most certain but 
most unexpected results of chemical analysis. The 
news thus suggested by Newton have been sue- 
cessfiijly pursued by future inquirers, and the ac- 
tion of bodies on light is now regarded as one of 
die means of examimng into their internal consti- 
tution. 

• I diould have before remarked, that the alternate 
disposition to be easily reflected and easily trans- 
mitted, serves to explain the fact, that all trans- 
parent substances reflect a portion of the incident 
light. The reflection of light from the surfaces of 
opaque bodies, and from the anterior surfeces of 
transparent bodies, appears to be produced by a 
repulsive force exerted by those surfaces at a de- 
terminate but very small distance, in consequence 
of which there is stretched put over them an elastic 
web through which the particles of light, notwith- 
standing their incredible velocity, are not always 
able to penetrate. * In the case of a transparent 
body, the light whiQh, when it arrives at this out. 
work, as it may be caUed, is in ajt of easy reflec 

* A velocity that epables light to pass from the sun to th^ 
earth in 8' 13^', as is deduced from the eclipses of Jupiter'g 
satellites. 
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tion, obeys of course the repulsive force, and is re- 
flected back again. The particles, on the other 
hand, which are in the state which disposes them 
to be transmitted, overcome the repulsive force, 
and, entering into the interior of the transparent 
body, are subjected to the action of its attractive 
force, and obey the law of refraction already ex- 
plained. If these rays, however, reach the second 
surface of the transparent body, (that body being 
supposed denser than the medium surrounding it,) 
in a direction having a certain obliquity to that sur- 
face, the attraction will not suffer the rays to emeige 
into the rarer medium, but will force them to re» 
turn back into the transparent body. Thus the 
reflection of light at the second surface of a traiuh 
parent body is produced, not by the repulsion of 
the medium in which it was about to enter, but by 
the attraction of that which it was preparing to 
leave. 

The first account of the experiments from which 
all these conclusions were deduced, was given in 
the Philosophical Transactions for 1672, and the 
admiration excited by their brilliancy and their no- 
velty may easily be imagined. Among the men of 
fciencey'the most enlightened were the most enthu- 
ritttic in their praise. Huygens, writing to one of 
tfii fMends, says of them, and of the truths they 
were the means of making known, *' Quorum re* 

xtu wmia hue usque editajejunia sunt ctpror- 
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sus pueriUa.*^ Such were the sentiments of the 
person who, of all men living, was the best able to 
judge, and had the best right to be fastidious in 
what related to optical experiments and discoveries. 
Bnt all were not equally candid with the Dutch 
I^losopher ; and though the discovery now com- 
municated had every thing to recommtad it which 
can arise from what is great, new and singular} 
though it was not a theory or a system of opinions, 
but the generalization of facts made known by ex- 
periments ; and though it was brought forward in 
the most simple and unpretending form, a host of 
enemies appeared, each eager to obtain the unfor- 
tunate pre-eminence of being the first to attack 
coiiclusions which the unanimous voice of posterity 
was to confirm. In this contention,^ the envy and 
activity of Hooke did not fail to give him the ad.^ 
▼antiage, and he communicated his objections to 
Newton's conclusions concerning the refrangibility 
of light in. less than a month after they had been 
read in the Royal Society. He admitted the ac- 
curacy of the experiments themselves, but denied 
that the cause of the colour is any quality residing 
permanently in the rays of light, any more than 
that the sounds emitted from the pipes of an organ 
exist originally in the air. An imaginary analogy 
between sound and light seems to have been the 
basis of all his optical theories. He conceived that 
colour is nothing but the disturbance of light by 
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pulses propagated through it ; that blackness pro- 
ceeds from the scarcity, whiteness from the plenty, 
of undisturbed light ; and that the prism acts by 
exciting different pulses in this fluid, wliich pulses 
give rise to the sensations of colour. This obscure 
and unintelligible theory (if we may honour what is 
unintelligible with the name of a theory) be accom* 
panied with a multitude of captious objections to 
the reasonings of Newton, whom he was not asham- 
ed to charge with borrowing from him without ac 
knowledgment. To all this Newton replied, with 
the solidity, calmness, and modesty, which became 
the understanding and the temper of a true philo- 
sopher. 

The new theory of colours was quickly assailed 
by several other writers, who seem all to have had 
a better apology than Hooke for the errora into 
which they fell. Among them one of the first was 
Father Pardies, who wrote against the experiments, 
and what he was pleased to call the hypothesis, of 
Newton. A satisfactory and calm reply convinced 
him of his mistake, which he had the candour very 
readily to acknowledge. A countryman of his, 
Mariotte, was more difficult to be reconciled, and, 
though very conversant with experiment, appears 
never to have succeeded in repeating the experi- 
ments of Newton. Desaguliers, at the request of 
the latter, repeated the experiments doubted of be- 
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fore the Royal Society, where Monmort, a country- 
man and a friend of Mariotte, was present. ^ 

MM. Linus and Lucas, both of Liege, objected 
to Newton's experiments as inaccurate ; the first, 
because, on attempting to repeat them, he had not 
obtained the same results ; and the second, because 
he had not been able to perceive that a red object and 
a blue required the focal distance to be different 
when they were viewed through a telescope. New- 
ton replied with great patience and good temper to 
both. 

The series was closed, in 1727> by the work of 
an Italian author, Rizetti, who, in like manner, 
called in question the accuracy of experiments which 
he himself had not been able to repeat. Newton 
was now no more, but Desaguliers, in consequence 
of Ri^etti's doubts,* instituted a series of experi- 
ments which seemed to set the matter entirely at 
rest. These experiments are described in the Phi* 
losophical TransactioDis for 1728. 

An inference which Newtcm had immediately 
drawn from the discoveries above described was, 
that the great source of imperfection in the refract- 
ing telescope was the different refrangibility of the 
rays of light, and that there were stronger reasons 
than either Mersenne or Gregory had suspected, 
for looking to reflection for the improvement of 



• Montucla^ T<Mn. II. 
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optical instruments. It was evident, from the dif- 
ferent refrangibility of light, that the rays coming 
from the same point of an object, when decom- 
posed by the refraction of a lens, must converge to 
different foci ; jthe red rays, for exam^e, to a point 
more distant from the lens, and the violet to one 
nearer by about a fifty-fourth part of the focal dis- 
tance. Hence it was not merely from the aberra- 
tion of the rays caused by the spherical figure of 
the lens that the imperfection of the images formed 
by refraction arose, but from the very nature of re- 
fraction itself. It was evident, at the same time, 
that in a combination of lenses with opposite figures, 
one convex, for instance, and another concave, 
there was a tendency of the two contrary disper-» 
sions to correct one another. But it appeared to 
Newton, on examining different refracting sub* 
stances, thajt the dispersion of the coloured rays 
never could be corrected except when the refrac- 
tion itself was entirely destroyed, for he thought he 
had discovered that the quantity of the refraction 
and of the dispersion in different substances bore 
always the same proportion to one another. This 
is one of the few instances in which his conclusions 
have not been confirmed by subsequent experiment; 
and it will, accordingly, fall under discussion in 
another part of this discourse. 

Having taken the resolution of constructing a re- 
flecting telescope, he set about doing so with his 
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own hands. There was, indeed, at that time, no 
other means by which such a work could be ac^ 
complished ; the art of the ordinary glass-grinder 
not being sufficient to give to metallic specula the 
polish which was required. It was on this account 
that Gregory had entirely failed in realizing his 
very ingenious optical invention. 

Newton, however, himself possessed excellent 
hands for mechanical operations, and could use 
them to better purpose than is common with men 
so much immersed in deep and abstract specula- 
tion. It appears, indeed, that mechanical inven- 
tion was one of the powers of his mind which began 
to unfold itself at a very early period. In some 
letters subjoined to a Memoir drawn up after his 
death by his nephew Conduit, it is said, that, when 
a boy, Newton used to amuse himself with con- 
structing machines, mills, &c. on a small scale, in 
which he displayed great ingenuity ; and it is pro- 
bable that he then acquired that use of his hand/S 
which is so difficult to be learned at a later period. 
To this, probably, we owe the neatness and inge- 
nuity with which the optical experiments above re- 
* ferred to were contrived and executed, — experi- 
ments of so difficult a nature, that any error in the 
manipulation would easily defeat the effect, and 
appears actually to have done so with many of those 
who objected to his experiments. * 

 The Memoir of Conduit was sent to Fontenelle when 
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He succeeded perfectly in the construction of 
his telescope, and his first communication with 
Oldenburg, and the first reference to his optical 

he was preparing the Eloge on Newton^ but he seems to 
have paid little attention to it, and has passed over the early 
part of his life with the remark^ that one may apply to him 
what Lucan says of the Nile, that it has not been " per- 
mitted to mortals to see that river in a feeble state." If the 
letters above referred to had formed a part of this commu- 
nication, I think the Secretary of the Academy would have 
sacrificed a fine comparison to an instructive fact. In other 
respects Conduit's Memoir did not convey much information 
that could be of use. His instructions to Fontenelle are cu- 
rious enough ; he bids him be sure to state, that Leibnitz 
had borrowed the Differential Calculus firom the Method of 
Fluxions. He conjured him in another place not to omit 
to mention, that Queen Caroline used to delight much in 
the conversation of Newton, and nothing could do more 
honour to Newton than the commendation of a Queen, the 
Minerva of her age. Fontenelle was too much a philoso- 
pher, and a man of the world, (and had himself approached 
too near to the persons of princes,) to be of Mr Conduit's 
opinion, or to think that the approbation of the most illus- 
trious princess could add dignity to the man who had made 
the. three greatest discoveries yet known, and in whose 
hands the sciences of Geometry, Optics, and Astronomy, 
had all taken new forms. If he had been called to write 
the Eloge of the Queen of England, he would, no doubt, 
have remarked her relish for the conversation of Newton. 

On the whole, the Eloge on Newton has great merit, and, 
to be the work of one who was at bottom a Cartesian, is a 
singular example of candour and impartiality. 
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experiments, is connected with the construction of 
this instrument, and mentioned in a letter dated 
the 11th January 1672* He had then been pro- 
posed as a member of the Royal Society by the 
Bishop of Sarum, and he says, *^ If the honour of 
being a member of the Society shall be conferred 
on me, I shall endeavour to testify my gratitude by 
communicating what my poor and solitary endea- 
yours can effect toward the promoting its philoso- 
phical designs." ^ Such was the modesty of the 
matk who was to effect a greater revolution in the 
state of our knowledge of nature than any indivi- 
dual had yet done, and greater, perhaps, than any 
individual is ever destined to 'bring about. Suc- 
ces®, however, never altered the temper in which 
he began his researches. 

Newton, after considering the reflection and re- 
fraction of light, proceeded, in the third and last 
Book of his Optics, to treat of its inflectioriy a sub- 
ject which, as has been remarked in the former 
part of this discourse, was first treated of by Gri- 
maldi. Newton having admitted a ray of light 
through a hole in a window-shutter into a dark 
chamber, made it pass by the edge of a knife, or» 
in some experiments, between the edges of two 
knives, fixed parallel, and very near to one another y 
and, by ree^ving the light on a sheet of paper at 



 Birch's History of the Royal Society, Vol. III. p. 3. 
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difFereot distances behind the knives, he observed 
the coloured fringes which had been described by 
the Italian optician, and, on examination, found, 
that the rays had been acted on in passing the 
knife edges both by repulsive and attractive forces, 
and had b^un to be so acted on in a sensible de-^ 
gree when they were yet distant by q^ of an inch 
from the edges of the knives. His experiments, 
however, on this subject were interrupted, as he 
informs us, and do not appear to have been after- 
wards resumed. They enabled him, however, to 
draw this conclusion, that the path of the ray in 
passing by the knife edge was bent in opposite di- 
rections, so as to form a serpentine line, convex 
and concave toward the knife, according to the 
repulsive or attractive forces which acted at di£^- 
ent distances ; that it was also reasonable to con- 
clude, that the phenomena of the refraction, reflec- 
tion, and inflection of light, were all produced by 
the same force variously modified, and that they 
did not arise from the actual contact or collision of 
the particles of light with the particles of bodies. 

The Third Book of the Optics concludes with 
those celebrated Queries which carry the mind so 
far beyond the bounds of ordinary speculation, 
though still with the support and under the direc- 
tion either of direct experiment or c]pse analogy. 
They are a collection of propositions relative chief- 
ly to the nature of the mutual action of light and 



PHYSICAL SCl£NCfi. 38^ 

of bodies on one another, such as appeared to ihe 
author highly probable, yet wanting such complete 
evidence as might entitle them to be admitted as 
principles established. Such enlarged and com- 
prdiensiye views, so many new and bold concep- 
tions, were never before combined with the sobriety 
and caution of philosophical induction. The anti« 
dpation of future discoveries, the assemblage of so 
many facts hem the most distant regions of human 
research^ all brought to bear op the same points, 
and to elucidate the same questions, are never to 
be sufficieatly admired. At the moment when 
they appealed, they must have produced a wonder- 
fill sensation in the philosophic world, unless, in- 
deedy they advanced too far before the age, and 
contained too much which the comment of tiiue 
was yet required to elucidate. 

It is in the Queries that we meet with the ideas 
of this philosopher concerning the Elastic Ether, 
whicb be conceived to be the means of conveying 
the action of bodies from one part of the universe 
to another, and to which the phenomena of light, 
of heat, of gravitation, are to be ascribed. Here 
we have his conclusions concerning that polarity or 
peculiar virtue residing in the opposite sides of the 
rays of light, which he deduced from the enigma- 
tical phenomena of doubly refracting crystals. 
Here, also, the first step is made toward the doc- 
trine of elective attractions or of chemical affinity, 

VOL. II. B b 
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akid to the notion, that the phenomena of chemis- 
try, as well as of cohesion, depend on the alternate 
attractions and repulsions existing between the 
particles of bodies at different distances. The 
comparison of the gradual transition from repulsicm 
to attraction at those distances, with the positive 
and negative quantities in algebra, was first sug- 
gested here, and is the same idea which the ii^- 
nuity of Boscovlch afterwards expanded into such 
a beautiful and complete system. Others who 
have attempted such flights had ended in mere fic- 
tion and romance J it is only for such men .as 
Bacon or Newton to soar beyond the region of (k>« 
etical fiction, still keeping sight of prolMibility, and 
alighting again safe on the terra Jbrma of philoao- 
phic truth. * 

§ 

• The optical works of Newton are not often to be found 
all brought together into one body. The first part of them 
consists of the papers in the Philosophical Transactions, 
which gave the earliest account of his discoveries, and which 
have been already referred to. They are in the fomi of 
Letters to Oldenburg, the Secretary of the Society, as are 
also the answers^ to Hooke, and the oth^s who objected to 
these discoveries ; the whole forming a most interesting and 
valuable series which Dr Hprsley has published in the 
fourth volume of his edition of Newton's works, under the 
title of Letters relating to the Theory of Light and Colours. 
The next work, in point of time, consists of the Lectiones 
Optic8e, or the optical lectures which the author delivered at 
Cambridge. The Optics, in three books, is the last and 
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Section IV. 
ASTRONOMY. 

Thb time was now come when the world was to 
be enlightened by a new science, arising out of the 
comparison of the phenomena of motion as obser- 
ved in the heavens, with the laws of motion as 
known on the earth. Physical astronomy was the 
result of this comparison, a science embracing 
greater objects, and destined for a higher flight 
than any other branch of natural knowledge. It 
is unnecessary to observe, that it was by Newton 
that the comparison just referred to was instituted, 
and the riches of the new science unfolded to 
mankind. 

This young philosopher, already signalized l^y 
great discoveries, had scarcely reached the age of 
twenty-four, when a great public calamity forced 
him into the situation whiere the first step in the 
new science is said to have been suggested ; and 
that, by some of those common appearances in 



most complete^ containing all the reasoning concerning opti- 
cal phenomena above referred to. The first edition was in 
ITO^^ the second, with additions, in 1717> Newtoni Opera, 
Tom. IV. Horsley's edition. 



S88 MATHBHAtlCAL AND 

which an ordinary man sees nothing to draw his at- 
tention, nor even the man of genius, except at 
those moments of inspiration when the mind sees 
farthest into the intpllectaal world. In 1666, the 
plague forced him to retire from Cambridge into 
the country ; and, as lie sat one day alone, in a 
garden, musing on the nature of the mysterious 
force by which the phenomena at the earth's sur- 
face are so much rpgulated, he observed the apples 
falling ^ntaneously from the trees, and the 
thought occurred to him, since gravity is a tenden- 
cy not confined to bodies on the very sarftce of 
the earth, but since it reaches to the tops of trees, 
to the tops of the highest buildings, nay, to ^ 
BummitB of the most lofty mountains, withoat its 
intensity or direction sui&ring any sensible change, 
Wliy may it not reach to a much greater distance, 
and even to the moon itEelf ? And, if so, may not 
the moon be retained in her' orbit by gravity, and 
forced to describe a curve like a projectile at the 
surface of the earth ? * 

- Here Buodier consideration very naturally oc- 
r ifiOrred. Though gravity be not sensibly weaken- 
ed at the small distances from the surface to 
nhicb our experiments extend, it may be weaken- 
 distances, and at the moon may be 
nished. To estimate the quantity of 

la Philosophy, Pref, •• 
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this diminution Newton appears to have reasoned 
thus : If the moon be retained in her orbit by her 
gravitation to the earth» it is probable that the 
planets are, in like manner, carried round the sun 
by a power of the same kind with gravity, directed 
to the centre of that luminary. He proceeded, 
therefore, to inquire, by what law the tendency, 
or gravitation of the planets to the sun must dimi^ 
nish, in order that, describing, as they do, orbits 
nearly circular round the sun, their times of revo- 
lution and their distances may have the relation to 
one another which they are known to have from 
(diservation, or from the third law of Kepler. 

This was an investigation which, to most even 
of the philosophers and mathematicians of that age, 
would have proved an insurmountable obstacle to 
their farther progress i but Newton was too fami- 
liar with the geometry of evanescent or infinitely 
SBiall quantities, not to discover very soon, that 
the law now referred to would require the force of 
gravity to diminish exactly as the square of the 
distance increased. The moon, therefore, being 
distant from the earth about sixty semidiameters 
of the earth, the force of gravity at that distance 
must be reduced to the 3600th part of what it is at 
the earth's surface. Was the deflection of the 
moon then from the tangent of her orbit, in a se- 
cond of time, just the 36(X)th part of the distance 
?rhich a heavy body falls in a second at the surface 



S90 MATHEMATICAL AND 

of the earth ? This was a question that could be 
precisely answered, supposing the moon- s distance 
known not merely in semidiameters of the earth 
but in feet, and her angular velocity, or the time 

of her revolution in her orbit, to be also known. 

» 

In this calculation, however, being at a distance 
from books, he took the common estimation of the 
earth's circumference that was in use before the 
measurement of Norwood, or of the French Aca- 
demicians, according to which, a degree is held 
equal to 60 English miles. This being in reality 
a very erroneous supposition, the result of the cal- 
culation did not represent the force as adequate to 
the supposed effect ; whence Newton concluded 
that some other cause than gravity must act on the 
moon, and on that account he laid aside, for the 
time, all farther speculation on the subject. It 
was in the true spirit of philosophy that he so 
readily gave up an hypothesis, in which he could 
not but feel some interest, the moment he found it 
at variance with observation. He was sensible 
that nothing but the exact coincidence of the things 
compared could establish the conclusion he meant 
to deduce, or authorize him to proceed with the 
superstructure, for which it was to serve as the 
foundation. 

It appears, that it was not till some years after 
this that his attention was called to the same sub^ 
ject, by a letter from Dr Hooke, proposing, as a 
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question^ To determine the line in which a body let 
fall from a height descends to the gi*ound, taking 
into consideration the motion of the earth on its 
axis. This induced him to resume the subject of 
the moon's motion ; and the measure of a degree 
by Norwood having now furnished more exact da- 
tSy he found that his calculation gave the precise' 
quantity for the moon's momentary deflection from 
the tangent of her orbit, which was deduced from 
astronomical observation. The moon, therefore, 
has a tendency to descend toward the earth from 
the same cause that a stone at its surface has ; and 
if the descent of the stone in a second be dimi*- 
nished in the ratio of 1 to 3600, it will give the 
quantity by which the moon descends in a second, 
below the tangent to her orbit, and thus is obtain- 
ed an experimental proof of the fact, that gravity 
decreases as the square of the distance increases.^ 
He had already found that the times of the plane- 
tary revolutions, supposing their orbits to be circu- 
lar, led to the same conclusion ; and he now pro^. 
ceeded, with a view to the solution of Hooke's 
problem,. to inquire what their orbits must be» sup- 
posing the centripetal force to be inversely as the 
square of the distance, and the initial or projectile 
force to be any whatsoever. On this subject Fem- 
berton says, he composed (as he calls it) a dozen 
propositions, . which probably were the same with 
those in the beginning of the Frincipia^ — such as 
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the descriptbn of equal areas in equal times, about 
the centre of force, and the ellipticity of the orbits 
described under the influence of a centripetal force 
that varied inversely as the square of the distances. 

What seems very difficult to be explained is, 
that, after having made trial of his strength, and of 
the power of the instruments of investigatbn which 
he was now in possession of, and had entered by 
means of them on the noblest and most magnificent 
field of investigation that was ever yet opened to 
any of the human race, he again desisted from the 
pursuit, so that it was not till several years after- 
wards that the conversation of Dr Halley, who 
made him a visit at Cambridge, induced him to 
resume and extend his researches. 

He then found, that the three great facts in as- 
tronomy, which form the laws of Kepler, gave the 
most complete evidence to the system of gravita- 
tion. The j^rst of them, the proportionality of the 
areas described by the radius vector to the times 
in which they are described, is the peculiar cha- 
racter of the motions produced by an original im- 
pulse impressed on a body, combined with a cen- 
tripetal force continually urging it to a given cen- 
tre. The second law, that the planets describe 
ellipses, having the sun in one of the foci, common 
to them all, coincides with this proposition, that a 
body under the influence of a centripetal force, vary- 
ing as the square of the distance inversely, and hav- 
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ing anyprogectile force whatever originally impressed 
on it» must describe a conic section having one focus 
in the centre of force, which section, if the projec- 
tile ferce does not exceed a certain limit, will be^ 
come an ellipse. The third law, that the squares 
of die periodic thnes are as the cubes of the dis* 
tanees, is a property which belongs to the bodies 
describing elliptic orbits under the conditions just 
stated^ Thus the three great truths to which the 
astronomy of the planets had been reduced by Kep- 
ler^ were all explained in the most satisfactoiy 
manner, by the supposition that the planets gravi- 
tate to the sun with a force which varies in the in- 
verse ratio of the square of the distances. It add- 
ed much to this evidence, that the observaticms of 
Cassini had proved the same laws to prevail among 
the satellites of Jupiter. 

But did the principle which appeared thus to 
unite the great bodies of the universe act only on 
those bodies ? Did it reside merely in their cen- 
tres, or was it a force common to all the particles 
of matter ? Was it a fact that every parotide of 
matter had a tendency to unite with every other ? 
Or was that tendency directed only to particular 
centres ? It could hardly be doubted that the ten- 
dency was common to all the particles of matter* 
The centres of the great bodies had no properties 
as mathematical points, they had none but what 

they derived from the material particles distributed 

11 
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around them. But the question admitted of being 
brought to a better test than that of such general . 
reasoning as the preceding. .The bodies between. 
which this tendency had been observed to take 
place were all round bodies, and either spherical Or 
nearly so, but whether great or small, they seemed 
to gravitate toward one another according to the 
same law. The planets gravitated to the sun, the 
moon to the earth, the satellites of Jupiter toward . 
Jupiter ; and gravity, in all these instances, varied 
inversely as the squares of the distances. Were 
the bodies ever so small— were they mere particles — 
provided only they were round, it was therefore 
safe to infer, that they would tend to unit^jndth 
forces inversely as the squares of the distances. It 
was probable, then, that gravity was the mutual 
tendency of all the particles of matter toward one 
another; but this could not be concluded with 
ainty, till it was found, whether great spherical 
bodies^ composed of particles gravitating according 
to this law, would themselves gravitate according to 
the same. Perhaps no man of that age but Newton 
himself was fit to undertake the solution of this pro- 
blem. His analysis, either in the form effluxions or 
in that of prime and ultimate ratios, was able to re^* 
duce it to the quadrature of curves, and he then 
found, no doubt infinitely to his satisfaction, that 
the law was the same for the sphere as for the par- 
ticles which compose it ; that the gravitation was. 
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directed to the centre of the sphere, and was as the 
' quantity of matter contained in it, divided by the 
square of the distance from its centre. Thus a 
complete expression was obtained for the law of 
gravity, involving both the conditions on which it 
must depend, the quantity of matter in the gravi- 
tating bodies, and the distance at which the bodies 
were placed. There could be no doubt that this 
tendency was always mutual, as there appeared no- 
where any exception to the rule that action and re- 
action are equal ; so that if a stone gravitated to 
the earth, the earth gravitated equally to the stone ; 
that is to say, that the two bodies tended to ap- 
proach one another with velocities which were in- 
versely as their quantities of matter. * There ap- 
peared to be no limit to the distance to which this 
action reached ; it was a force that united all the 
parts of matter to one another, and if it appeared- 
to be particularly directed to certain points, such 
as the centres of the sun or of the planets, it was 
only on account of the quantity of matter collected 
and distributed uniformly round those points^ 
through which, therefore, the force resulting from 

* If M aud M are the masses of two spheres, and dr the 

distance of their centres, —  is the accelerating force 

with which they tend to unite ; but the velocity of the ap- 

m' ' M 

proi^ch of M will be — r, and of M^— j-' 

X X 
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the composition of all those etemeata must pasa 
either accurately or nearly. 

A remarkable inference waa deduced from thia 
view of the planetary motions, giving a deep iit- 
sight into the constitution of oiu* system in a mat- 
ter that seems the most recondite^ and the fiirthest 
beyond the sphere which necessarily circumscribes 
human knowledge.. The quantity^ of matter, and 
even the density of the planets, was determined. 
We have seen how Newton compared ihe intensity 
of gravitation at the surface of the earth, with 
i^s intensity at the moon, and by a computation 
somewhat similar, he compared the intensity of the 
earth's gravitation to the sun, with the moon's gra- 
vitation to the earth, each being measured by the 
cont^nporaneous and momentary deflexion from a 
tangent to the small arch of its orbit. A more de- 
tailed invesitigation showed that the intensity of the 
oentral force in different orbits, is as the mean dis- 
tance divided by the square of the periodic time ^ 
and the same intensity being also as the quantities 
of matter divided by the squares of the distances, it 
follows, that these two quotients are equal to one 
another, and that, therefore, the quantities of mat- 
ter are as the mean distances divided by the squares 
pf the periodic times. Supposing, therefore, in 
the instance just mentioned, that the ratio of the 
mean distance of the sun from the earth to the 
mean distance of the moon from the earth is given, 
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(ivhich it is from astronomicid observation ;) as the 
ntk) of tbdnr periodic lines is also known, the ratio 
of the iquantitif of matter in the sun to the quantity 
of matter in the earth, of consequence is found, and 
die same holds good for all the planets which have 
satellites moving round them. Nothing certainly 
can be more unexpected than that the quantities of 
matter in bodies so remote, -should admit of being 
compared with one another, and with the earth. 
Hence also their mean densities, or mean specific 
^vities, became known, '^r from their distances 
and the angles they subtended, both known from 
observation, then- magnitudes or cubical contents 
wer^ eamlf inferred, and the densities of all bodies 
are, as their quantities of matter, divided by tbeir 
magnitude. Tie Frincipia Philosophis Naturalis, 
whidi contained all these discoveries, and establish- 
ed the principie of universal gravitation, was given 
to tlie world in 1€87» an sera, on that account, for 
je^ser memorable in the history of human knowledge. 
The principle of gravity which was thus fully es- 
tdblisked, and its greatest and most extensive con- 
sequences deduced, was not now mentioned for the 
first time, though for the first time its existence as 
a fact was asc^ained, and the law it observes was 
discovered* Besides some cunous references to 
weight and gravity, contained in the writings 
of the ancients, we find something more precise 
concerning it in the writings of Copernicus, Kep- 
ler, and Hooke. 
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Anaxagoras is said to have held that *^ the hea- 
vens are kept in their place by the rapidity of their 
revolution^ and would fall down if that rapidity 
were to cease/* * 

Plutarch, in like manner, says, the moon is kept 
from falling by the rapidity of her motion, just as a 
stone whirled round in a sling is prevented from 
falling to the ground, t 

Lucretius, reasoning probably after Democritus, 
holds, that the atoms would all, from their gravity, 
have lo2ig since united in the centre of the universe, 
if the universe were not infinite so as to have no 
centre, t 

An observation of Pythagoras, supposed to refer 
to the doctrine of gravity, though in reality ex- 
tremely vague, has been abundantly commented on 
by Gregory and Maclaurin. A musical string, 
said that philosopher, gives the same sound with 
another of twice the length, if the latter be strait- 
ened by four times the weight that straitens the 
former ; and the gravity of a planet is four times 
that of another which is at twice the distance. 
These are the most precise notices, as far as I 
know, that exist in the writings of the ancients con- 
cerning gravity as a force acting on terrestrial bo- 
dies, or as extending even to those that are more 

* Ccelum omne vehementi circuitu constare^ alias remis- 

siohe lapsurum. (Diog. Laert. in Anax. Lib. 11. Sect. 12.) 

t De facie in Orbe Lunae. J Lib- I. v. 983, 

11 
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idistant. They are the reveries of uigenious men 
who had lio steady principles deduced from expe- 
rience and observation to direct their inquiries ; 
4md who, even when in their conjectures they liit 
on the truth, could hardly distinguish it from error. 

Copernicus, as might be expected, is considerably 
more precise. " I do not think/* says he, *• that 
gravity is anything but a natural appetency of the 
paii;s (of thie earth) given by the providence of the 
Supreme Being, that, by uniting together, they 
may assume the form of a globe. It is probable, 
that this same affection belongs to the sun, the moon, 
and the fixed stars, which all are of around foiin,*' * 

The power which Copernicus here speaks of has 
nothing to do, in his opinion, with the revolutions 
of the earth or the planets in their different orbits. 
It is merely intended as an explanation oi their glo* 
bular forms, and the consideration that does the au^ 
thor miDst credit is, that of supposing the force to b^ 
. long, not to the centre, but to all the parts of the eartht. 

Kepler, in his immortal work on the Motions of 
Mars, treats of gravity as a force acting iia'tivpally 
from planet to planet, and particularly from the 
earth to the moon. /* If the moon and the earth 
were not retained by some animal or other equivaw 
lent force each in its orbit, the earth would ascend 
to the moon by a 54th part of the interval between 

* Revolutionuni, Lib. I. Cap. IX. p. 17- 
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them, while the moon moved over the remaining 58 
parts, that is, supposing them both of the same 
density/' * This passage is curious, as displaying 
a singular mixture of knowledge and error on the 
subject of the planetary motions^ The tendency 
of the earth and moon being mutual, and i»t)ducing 
equal quantities of motion in those bodies, bespeaks 
an accurate knowledge of the nature of that tenden- 
cy, and of the equality, at least in this instance, be* 
tween action and reaction. Then, again, the idea 
of an animal force or some other equally unintelli- 
gible power being necessary to carry on the ciixni- 
lar .motion, and to prevent the bodies from moving 
directly toward each other, is very strange ; consi- 
dering that Kepler knew the inertia of matter, and 
ought, therefore, to have under^x>od the nature of 
eentrifugal force, and its power to counteract the 
mutual gravitations of the two bodies. In this re- 
spect, the great astronomer who was laying the 
fimndation of all that is known of the heavens, was 
lu>t so far advanced as Anaxagoras and Plutarch ; 
y4HM». sAow and unequal are the steps by which sci- 
mice advances to perfection. The mutual gravity 
lif ifae earth and moon is not supposed by Kepler to 
liave any concern in the production of their circular 
motions ; yet he holds the tides to be produced by 

* On that supposition their quantities of matter would be 
as their bulks, or as 1 to 53. 
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the gravitation of the waters of the sea toward the 
moon. ^ 

The length to which Galileo advanced in this 
direction, and the point at which he stopped, are 
no less curious to be remarked. Though so well 
acquainted with the nature of gravity on the earth's 
surface,«-4he object of so many of his researches 
and discoveries, — and though he conceived it to ex- 
ist in all the planets, nay, in all the celestial bodies, 
and to be the cause of their round figure, he did 
not believe it to be a power that extended from one 
of those bodies to another. He seems to have 
thought that gravity was a principle which regulat- 
ed the domestic economy of each particular body, 
but had nothing to do with their external relations ; 
so that he censured Kepler for supposing, that tibe 
phenomena of the tides are produced ))y the gravi-. 
tation of the waters of the ocean to the moon, t 

Hooke did not stop short in thjpi same unaccount- 
able manner, but made a nearer approach to the 
truth than any one had yet done. In his attempt 
to prove the motion of the earth, published in 
1674, he lays it down as the principle on which the 
celestial motions are to be explained, that the hea* 
venly bodies have an attraction or gravitation tp- 
ward their own centres, which extends to other bo- 

-I ,1. -^- ■_ -  _  -^ _ -  ^^^^^^— ^^^^ 

* Astronomia Stellae Martis. Introd. Parag. 8. 
t Dial. 4to. Tom. IV. p. 326, Ediz. di Padova. 
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dies within the spnere of their activity ; and that all 
bodies would move in straight lines, if some force 
like this did not act on them continually, and com- 
pel them to describe circles, ellipses, or other curve 
lines. The force of gravity, also, he considered as 
greatest nearest the body, though the law of its va- 
riation he could not determine. These are great 
advances ; — ^though, from his mention of the sphere 
of activity, from his considering the force as resid- 
ing in the centre, and from his ignorance of the 
law which it observed, it is evident, that beside 
great vagueness, there was much error in his no- 
tions about gravity. Hooke, however, whose can- 
dour and uprightness bore no proportion to the 
strength of his understanding, was disingenuous 
enough, when Newton had determined that law, to 
lay claim himself to the discovery. 

This is the farthest advance that the knowledge 
of the cause of the celestial motions had made be- 
fore the investigations of Newton ; it is the precise 
point at which this knowledge had stopped y hav- 
ing met with a resistance which requii*ed a mathe- 
matician armed with all the powers of the new ana- 
lysis to overcome. The doctrine of gravity was 
yet no more than a conjecture, of the truth or false- 
hood of which the measurements and reasonings of 
geometry could alone determine. 

Thus, then, we are enabled accurately to per- 
ceive in what Newton's discovery consisted. It 

U 



PHYSICAL SCIENCE. 403 

was in giving the evidence of demonstration to a 
principle which a few sagacious men had been suf- 
ficiently sbarp*sighted to see obscurely or inaccu- 
rately, and to propose as a mere conjecture. In 
the history of human knowledge, there is hardly 
any discovery to which some gradual approaches 
had not been made before it was completely brought 
to light. To have found out the means of giving 
certainty to the thing asserted, or of disproving it 
entirely ; and, when the reality of the principle was 
found out, to measure its quantity, to ascertain its 
laws, and to trace their consequences with mathe- 
matical precision, — in this consists the great diffi- 
culty and the great merit of such a discover^ as that 
which is now before us. In this Newton had no 
competitor : envy was forced to acknowledge that 
he had no rival, and consoled itself with supposing 
that he had no judge. 

Of all the physical principles that have yet been 
made known, there is none so fruitful in conse- 
quences as that of gravitation ; but the same skill 
that had directed Newton to the discovery was ne- 
cessary to enable him to trace its consequences. 

The mutual gravitation of all bodies being ad- 
mitted, it was evident, that while the planets were 
describing their orbits round the greatest and most 
powerful body in the system, they must mutually 
attract one another, and thence, in their revolutionSf 
some irregularities, some deviations from the de- 
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Bcription of equal areas in equal times, and from 
the laws of the elliptic motion might be expected. 
Such irregularities, however, had not been observ- 
ed at that time in the motion of any of the planets» 
except the moon, where some of them were ao cm- 
ipicuous as to have been known to Hip^rehus and 
Ptolemy. Newton, therefore, was very naturally 
led to inquire what the different forces were» which, 
according to the laws just established, could pro* 
duce irregularities in the case of the moon's mo* 
tion. Beside the force of the earth, or rather of 
the mutual gravitation of the moon and earth, the 
moon mnst be acted on by the sun ; -and the same 
feroe which was suflKcient to bend the orbit of ihe 
earth into an ellipse, could not but have a sensible 
eflfect on the orfaat of the moon. Here ^evrton im* 
mediately observed, that it is not the whole of the 
force which the sun exerts on the moon that dis- 
turbs her motion round the earth, but only the dif- 
ference between the force just mentioned, and that 
which the sun exerts on the earth, — for it is only 
that difference that affects the rektive positions of 
the two bodies. To have exact measures of the 
Asturbing forces, he supposed the entire force of 
the sun on the moon to be resolved into two, ci 
which one always passed through the centre of the 
earth, and the other was always parallel to the line 
joining the sun and earth, — consequently, to the 
direction of the force of the sun on the earth. 
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The former of these forces being directed to the 
centre of the earth, did not prevent the moon from 
describii^ equal areas in equal times round the 
earth.^ The effect of it on the whole, however, he 
showed to be, to diminish the gravity of the moon 
to the earth by about cme 858th part, and to in- 
crease her mean distance in the same proportioiif 
and her angular motion by about a 179th. 

From the moon thus gravitating to the centre <tf 
the earth, not by a force that is altog^her inversely 
as the square of the distance, but by such a force 
diminished by a small part that varies simply a. the 
distance, it was found, from a very subtle investi- 
gation, that the dimensions of the elliptic orbit 
would not be sensibly changed, but that the orbit 
itsdf would be rendered moveable, its longer axiqi 
having an angular and progressive motion, by which 
it advanced over a certain are during each revolu- 
tion of the moon. This affi)rded an explanation of 
the motion of the apsides of the lunar orbit which 
had been observed to go forward at the rate of 
3? 4'^ nearly, during the time of the moon's revo- 
lution, in respect of the fixed stars. 

This was a new proof of the reality of the prin- 
ciple of gravitation, which, however, was rendered 
less conclusive by the consideration that the exact 
quantity of the motion of the apsides observed, did 
not come out from die diminution of the moon's 
gravity as above assigned. There was a sort of 
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cloud, therefore, which hung orer this point of the 
lunar theory, to dissipate which, required higher 
improvements in the calculus than it^s given to 
the inventor himself to accomplish. It was not so 
with respect to another motion to which the plane 
of the lunar orbit is subject, a phenomenon which 
had been long known in consequence of its influ- 
ence on the eclipses of the sun and moon. This 
was the retrogradation of the line of nodes, amount- 
ing to 3' 10" every day. Newton showed that the 
second of the forces into which the solar action is 
resolved being exerted, not in the plane of the 
moon's orbit, but in that of the ecliptic, inclined to 
the former at an angle somewhat greater than five 
degrees, its effect must be to draw down the moon 
to the plane of the ecliptic sooner than it would 
otherwise arrive at it ; in consequence of which, 
the intersection of the two planes would approach, 
as it were, toward the moon, or move in a direction 
opposite to that of the moon's motion, or become 
retrograde. From the quantity of the solar force, 
and the inclination of the moon's orbit, Newton 
determined the mean quantity. of this retrograda- 
tion, as well as the irregularities to which it is sub- 
ject, and found both to agree very accurately with 
observation. 

Another of the lunar inequalities, — that disco- 
vered by Tycho, and called by him the Variation^ 
which consists in the alternate acceleration and re^ 
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tardation of the moon in each quarter of her revo- 
lution, was accurately determined from theory, 
such as it ]#$; found by observation ; and the same 
is true as to the annual equation, which had been 
long confounded with the equation of time. With 
regard to the other inequalities, it does not appear 
that Newton attempted an exact determination of 
them, but satisfied himself with this general truth, 
that the principle of the sun*s disturbing force led ^ 
to the supposition of inequalities of the same kind 
with those actually observed, though whether of 
the same exact quantity it must be di£|cult to de- 
termine. It was reserved, indeed, for a more per- 
fect state of the calculus to explain the whole of 
those irregularities, and to deduce their precise 
value from the theory of gravity. Theory has led 
to the knowledge of many inequalities, which ob- 
servation alone would have beep unable to dis- 
cover. 

While Newton was thus so successfully occupied 
in ti*acing the action of gravity among those distant 
bodies, he did not, it may be supposed, neglect the 
consideration of its effects on the objects ^hich are 
nearer us, and particularly on the Figure of the ^ ^ 
Earth. We have seen that, even with the limited 
views and imperfect information which Copernicus 
possessed on this subject, he ascribed the round 
figure of the earth and of the planets to the force 
of gravity residing in the particles of these bodies. 
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Newton, on the other hand, peroeived that, in the 
earth, another force was combined with gravity, 
and that the figure resulting from thiMombination 
could not be exactly spherical. The <Uumal revo- 
lution of the earth, he knew, must produce a cen- 
trifugal force, which Would act most powerfully on 
the parts most distant from the Bias. The amount 
of this centrifugal force is greatest at the equator, 
and being measured by the momentary recess of 
any point from the tangent, which was knoWn from 
the earth's rotation, it could be compared with the 
force of gravity at the same place, measured in like 
manner by the descetit of a heavy body in the first 
moment of its fall. When Newton made this com- 
parison, he found that the centrifugal force at the 
equator is the 289th part of gravity, diminishing 
continually as the cosine of the latitude, on going 
from thence toward the poles, where it ceases alto- 
gether. From the combination of this force, 
though small, with the force of gravity, it follows, 
that the line in which bodies actually gravitate, or 
the plumb-line, cannot tend exactly to the earth's 
centre, and that a true horizontal line, such as is 
drawn by levelling, if continued from either pole, 
in the plane of a meridian all round the earth, 
would not be a circle but an ellipse, having its 
greatest axis in the plane of the equator, and its 
least in the direction of the axis of the earth's ro- 
tation. Now, the surface of the ocean itself ac- 
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tually traces this level as it extends from the equa- 
tor to either pole. The terraqueous mass which 
we call iM^'globe must therefore be what geometers 
call an oblate spheroid, or a solid generated by the 
revolution of the elliptic meridian about its shorter 
axis. 

In order to determine the proportion of the axes 
of this spheroid, a problem, it will readily be be- 
lieved, of no ordinary difficulty, Newton conceived, 
that if the waters at the pole and at the equator 
were to communicate by a canal through the inte- 
rior of the earth, one branch reachmg from the 
pole to the centre, and the other at right angles to 
it, from the centre to the circumference of the equa- 
tor, the water in this canal must be in equilibrio^ 
or the weight of fluid in the one branch just equal 
to that in the other. Including, then, the con- 
sideration of the centrifugal force which acted on 
one of the branches but not on the other, and con- 
sidering, too, that the figure of the mass being no 
longer a sphere, the attraction must not be siippos-^ 
ed to foe directed to the centre, but must be con- 
sidered as the result of the action of all the par- 
ticles of the spheroid on the fluid in the canals ; by 
a very subtle process of reasoning, Newton found 
that the longer of the two canals must be to the 
shorter as 230 to 229. This, therefore, is the ra^ 
tio of the radius of the equator to the polar semi- 
axis, their difference amounting, according to the 
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dimensions then assigned to the earth, to about VJjq 
English miles. In this investigation, the earth is 
understood to be homogeneous, or every wbire of the 
same density. 

It is very remarkable, that though the ingenious 
and profound reasoning on which this conclusion 
rests is not entirely above objection, and assumes 
some things without sufficient proof, yet, when 
these defects were corrected in the new investiga- 
tions of Maclaurin and Clairaut, the conclusion^ 
supposing the earth homogeneous, remained exactly 
the same. The sagacity of Newton, like the Gc" 
nius of Socrates, seemed sometimes to inspire him 
with wisdom from an invisible source. By a pro- 
found study of nature, her laws, her analogies, and 
her resources, he seems to have acquired the same 
sort of tact or feelhig in matters of science, that 
experienced engineers and other artists sometimes 
acquire in matters of practice, by which they are of- 
ten directed right, when they can scarcely describe 
in words the principle on which they proceed. 

From the figure of the earth thus determined, 
he showed that the intensity of gravity at any point 
of the surface, is inversely as the distance of that 
point from the centre ; and its increase, therefore, 
on going from the equator to the poles, is as the 
square of the sine of the latitude, the same ratio in 
which the degrees of the meridian increase. ^ As 

• Princip. Lib, III. Prop. 20. 
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the intensity of gravity diminished on going from 
the poles to the equator, or from the higher to the 
lower latfthdes, it followed, that a pendulum of a 
given length would vibrate slower when carried 
from Europe into the torrid zone. The observa- 
tions of the two French astronomers, Varin and 
De Hayes, made at Cayenne and Martinique, had 
already confirmed this conclusion. 

The problem which Newton had thus resolved 
enabled him to resolve one of still greater difficul- 
ty. The precession, that is, the retrogradation of 
the equinoctial points, had been long known to 
astronomers ; its rate had been measured by a com- 
parison of ancient and modem observations, and 
found to amount nearly to 50'^ annually, so as to 
complete an entire revolution of the heavens in 
S5,9^ years. Nothing seemed more difficult to 
explain than this phenomenon, and no idea of as- 
signing a physical or mechanical cause for it had 
yet occurred, I believe, to the boldest and most 
theoretical astronomer. The honour of assigning 
the true cause was reserved for the most cautious 
of philosophers. He was directed to this by a cer- 
tain analogy observed between the precession of the 
equinoxes and the retrogradation of the moon's 
nodes, a phenomenon to which his calculus had been 
already successfully applied. The spheroidal shell 
or ring of matter which surrounds the earth, as we 
have just seen, in the direction of the equator, be- 
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ing one half above the plane of the ecliptic and the 
other half below, is subjected to the actioti of the 
solar force, the tendency of which is to "tiiake this 
rmg turn on the line of its intersection with the 
ecliptic, so as ultimately to coincide with the plane 
e£ that circle. Thisi accordingly, would have hap- 
pened long since, if the earth had not revolved on 
its axis. The effect of the rotation of the sphe- 
roidal ring from west to east, at the same time that 
it is drawn down toward the plane of the ecliptic, 
is to preserve the inclination of these two planes 
unchanged, but to make their intersection move in 
a direction opposite to that of the diurnal rotation, 
that is, from east to west, or coatrary to the order 
of the signs. 

The calculus in its result justified this general 
conclusion ; l(y^ appeared the part of the efibct 
due to the moon's attraction, 40^ to the attraction 
of the sun ; and I know not if there be any thmg 
respecting the constitution of our system, in which 
this great philosopher gave a stronger proof of his 
sagacity and penetraticm, than in the eis^planatioi^ 
of this phenomenon. The truth, however, is, that 
his data for resolving the problem were in some de^ 
gree imperfect, all the circumstances were not in- 
cluded, and some were erroneously applied, yet the 
great principle and scope of the solution were 
right, and the approximation very near to the 
truth. ** II a ete bien servi par son genic;,'^ 
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says the eloquent and judicious historian of astro- 
nomy; ^^ ^inspiration de eette faculte divine lui 
a fait apevcevoir des determinations, qui n'etoient 
pas encore accessibles ; soit qu'il eiit des preuves 
qu'il a supprimees, soit qu*il eut dans V esprit un 
sorte d^estmcj une espece de balance pour ap- 
prouver certaines virites, en pesant les veritis 
prochaineSf etjugeant les unes par les autresJ*  
It was reserved for a more advanced condition 
of the new analysis, to give to the solution of this 
problem all the accuracy of which it is susceptible. 
It is a part, and a distinguishing part, of the glory 
of this system, that it was susceptible of more per- 
fection than it received from the hands of the au- 
thor ; and that the century and a half which has 
nearly elapsed since the first discovery of it has 
been continually adding to its perfection. This 
character belongs to a system which has truth and 
nature for its basis, and had not been exhibited in 
any of the physical theories that had yet appeared 
in the world. The philosophy of Plato and Ari- 
stotle were never more perfect than when they 
came from the hands of their respective authors^ 
and a legion of commentators, with all their efforts, 
did nothing but run round perpetually in the same 
circle. £ven Descartes, though he had recourse 
to physical principles, and tried to fix his system 

• Bailly, Hist, de T Astron. Mod. Tom. II. livre xii. § 2S. 
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on a firmer basis than the mere abstractions of the 
miod, left behind him a work which not only could 
not be improved, but was such, that every addition 
attempted to be made destroyed the equilibrium of 
the mass, and pulled away the part to which it was 
intended that it should be attached. The philoso- 
phy of Newton has proved susceptible of continual 
improvement; its theories have explained facts 
quite unknown to the author of it ; and the exer- 
tions of La Grange and La Place, at the distance 
of an hundred years, have perfected a work which 
it was not for any of the human race to begin and 
to complete. 

Newton next turned his attention to the pheno- 
mena of the Tides, the dependence of which on 
the moon, and in part also on the sun, was suffi- 
ciently obvious even from common observation. 
That the inoon is the prime ruler of the tide, is 
evident from the fact, that the high water, at any 
given place, occurs always nearly at the moment 
when the moon is on the same meridian, and that 
the retardation of the tide from day to day, is the 



mth the retardation of the moon in her diur- 

ri Mfolution. That the sun is also concerned in 

I production of the tides is evident from this, 

It the highest tides happen when the sun, the 

Nva, and the earth, are all three in the same 

tight line ; and that the lowest, or neap tides, 

m when the lines drawn from the sun and 
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moon to the earth make right angles with one 
another. The eye of Newton^ accustomed to ge- 
neralize and to penetrate beyond the surface of 
things, saw that the waters of the sea revolving 
with the earth, are nearly in the condition of a sa^ 
tellite revolving about its primary ; and are liable 
to the same kind of disturbance from the attraction 
of a third body. The fact in the history of the 
tides which seems most difficult to be explained, 
received, on this supposition, a very easy solution. 
It is known, that high water always takes place in 
the hemisphere where the moon is, and in the op- 
posite hemisphere where the moon is not, nearly at 
the same time. This seems, at first sight, very un- 
like an effect of the moon's attraction ; for, though 
the water in the hemisphere where the moon is, 
and which, therefore, is nearest the moon, may be 
drawn up toward that body, the same ought not to 
happen in the Of^site hemisphere, where the 
earth's surface is most distant from the moon. 
But if the action of the moon disturb the equi- 
librium of the ocean, just as the action of one pla- 
net disturbs the motion of a satellite moving round 
another, it is exactly what might be expected. It 
had been shown, that the moon, in conjunction 
with the sun, has her gravitation to the earth dimi- 
nished, and when in opposition to the sun, has it 
diminished very nearly by the same quantity. The 
reason is, that at the conjunction, or the new moon. 
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the moon is drawn to the sun more than the earth 
is } and that, at the oppositioni or full moon» the 
earth is drawn toward the sun more than the moon 
nearly by the sanie quantity ; the relative modon 
of the two bodies is therefore affected the same 
way in both cases, and the gravity of the moon to 
the earth, or her tendency to descend toward it, is 
in both cases lessened. 

It is plain, that the action of the moon on the 
waters of the ocean must be regulated by the same 
principle. In the hemisphere whe,« the moon is, 
the water is more drawn toward the moon than the 
mass of the earth is, and its gravity being lessened, 
the columns toward the middle of the hemisphere 
lengthen, in consequence of the pressure of the 
columns which are at a distance from the middle 
point, of which the weight is less diminished^ and 
towards the horizon must even be increased. In 
the opposite hemisphere, again, the mass of the 
earth is more drawn to the moon than the waters of 
that hemisphere, and their relative tendencies are 
changed in the same direction, and nearly by the 
same quantity. If the action of the moon on all 
the parts of the earth, both sea and land, were the 
same, no tide whatever would be produced. 

Thus, the same analysis of the force of gravity 
which explained the inequalities of the moon, was 
shown by Newton to explain those inequalities in 
the elevation of the waters of the ocean to which we 

10 
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give the name of tides. On the principle also ex- 
plained in this analysis^ it is» th'at the attraction of 
the sun and moon conspire to elevate the waters of 
the ocean whether these luminaries be in opposition 
or conjunction. In both cases the solar and lunar 
tides are added together, and the tide actually ob- 
served is their sum. At the quadratures, or the 
first and third quarters, these two tides are opposed 
to one another, the high water of the lunar tide 
coinciding with the low water of the solar, and con- 
versely, so that the tide actually observed is the dif- 
ference of the two. 

The other phenomena of the tides were explain- 
ed in a manner no less satisfactory, and it only re- 
mained to inquire. Whether the quantity of the 
solar and lunar forces were adequate to the efiect 
thus ascribed to th^m? The lunar force there 
were yet no data for measuring, but a measure of 
the solar force, as it acts on the moon, had been 
obtained, and it had been shown that in its mean 
quantity it amounted to ^ of the force which re- 
tains the moon in her orbit. This last is —^ of 
the force of gravity at the earth's surface, and, 
therefore, the force with which the sun disturbs 
the moon's motion is ^ x 7^ of gravity at the 
earth's surface. This is the solar disturbing force 
on the moon when distant sixty semidiameters from 
the earth's centre, but on a body only one semidi- 
ameter distant from that centre, that is, on the 

VOL. IL D d 
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water of the ocean, the disturbing force would be 
sixty times less, and thus is found to be no more 
t^^^i 5844^066 ^^ gravity at the earth's sorfiKe. 

Now» this^ being the mean force of the son, k 
that by which he acts on the waters, 90 degrees 
.distant from the pomt to which he is vertical, where 
it is added to the force of gravity, and tends to 
increase the weight and lower the level of the 
watersr At the point where the sun is verti- 
cal, the force to raise the water is about double of 
this,, and, therefore, the whole force tending to raifle 
the level of the high, above that of the low water, 
is three times the preceding, or about the fiairVoUo 
of gravity. Small as^ this force is,, when, it b ^ 
plied to every particle of the ocean, it is capable of 
producing a sensible effect. The mannersin whick 
Newton estimates this effect can only be considered 
as affording an approximation to the truth. In 
treating of the figure of the earth, he had showi 
that the centrifugal force, amounting, to ^ of gnh 
vity, was able to raise the level of the ocean more 
than seventeen miles, or, more exactly, 85,47^ 
French feet. Hence,, making the efifect propop* 
tional to the forces,c the elevation) of the waters ipso- 
duced by the solar force will come out 1 .9^ feet*. 

But, from the comparison of the neap and spriog 
tides, that is, of the difference and the sum of the 
lunar and solar forces, it appears, that the force of 
the moon is to that of the sun as 4,48 to X^ As 
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the solar force raises the tide 1.9S feet, the luniur 
will raise it 8.6S feet, so that the two together will 
produce a tide of 10^ French feet, * which agrees 
not ill with what is observed in the open sea, at a 
distance from land. 

The calculus of Newton stopped not here. From 
the force that the moon exerts on the waters of the 
ocean, he found the quantity of matter in the moon 
to that in the earth as 1 to S9«7S, or, in round 
numbers, as 1 to 40. He also found the density 
of the moon to the density of the earth as 1 1 to 9. 
. Subsequent investigations, as we shall have oc- 
casion to remark, have shown that much was yet 
wanting to a complete theory of the tides ; and 
that even after Maclaurin, Bernoulli, and Euler, t 
had added their efforts to those of Newton, there 
remained enough to give full employment to the 
odculus of Laplace. As an original deduction, 
and as a first approximation, that of which I have 
now given an account, will be for ever memorable* 

The motion of Comets yet .remained to be dis- 
cussed. They had only lately been acknowledged 
to belcmg to the heavens, and to be placed beyond 
the region of the earth's atmosphere ; but with re- 
gard to their motion, astronomers were not agreed. 

* Newtoni, Prin. Lib. III. Prop. 36 ad 37- 

t See the solutions of these three mathematicians in the 

Commentary of Le Seur and Jaoquier on the Third Book of 

the Frincipia. 
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Kepler believed them to more in straight lines ; 
Cassini thought they mored in the planes of great 
circles, bnt with little corvatnre. Hevelius had 
come much nearer the truth ; he had shown the 
curvature of their paths to be diffisrent in different 
parts^ and to be greatest when they were nearest the 
sun; and a parabohi having its vertex in that point 
seemed to him to be the line in which the comet 
moved. Newton, convinced of the miiversality of 
the principle of gravitation, had no doubt that' the 
otbit of the comet must be a conic section^ having 
the sun in one of its foci, and might either be an 
ellipse, a parabola, or even an hyperbola, according 
to the relation between the force of projection and 
the force tending to the centre. As the eccentri* 
city of the orbit on every supposition must be great, 
the portion of it that fell vnthin our view could not 
diffier much from a parabda, a drcmnstance whidi 
rendered the calculation of the comet's place, when 
the position of the orbit was once ascertained, more 
easy than in the case of the planets. Thus far 
theory proceeded, and obsefration must then deter- 
mine with what degree of accuracy this theory re- 
presented the phenomena. From liitee observa^ 
t&ms of the comet, the position of Uie oibit could 
be determined, though the geometric problem was 
one of great difficulty. Newton gave a solution of it ; 
and it was by this that his theory was to be brought 
to the test of experiment. If the orbit thus deter* 
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mined was not the true one, the places of the comet 
calculated on the supposition that it was, and that 
it described equal areas in equal times about the 
sun, could not agree with the places actually ob- 
served. Newtcm showedi by the example of the 
remarkable comet then idsible, (1680,) that this 
agreement was as great as could reasonably be ex* 
pected ; thus adding another proof to the number 
of tbose already brought to support the principle of 
universal gravitation. The comets descend into 
our system from all different quarters in the hea- 
vens, and, therefore, the proofs that they afforded 
want to show, that the action of gravity was con* 
fined to no particular regkm of die heavens. 

Thus £ur Newton proceeded in ascertaining the 
existence, and in tracing the effects, of the prin- 
dple of gravitation, and had done so with a success 
of whicli there had been no instance in the histcnry 
q£ human knowledge. At the same time that it 
was the most successful, it was the most difficult re- 
search that had yet been undertaken. The rea- 
sonings upward from the facts to the general prin- 
ciple, and again down from that principle to its ef- 
fects, both required the application o£ a mathemati- 
cal analysis which was but newly invented ; and 
Newton had not only the difficulties of the investi- 
gation to encounter, but the instrument to invent, 
without which the investigation could not have 
been conducted. Ever^ one who considers all this. 
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will readily join in the sentiment with which Bailly 
closes a eulogy as just as it is eloquent. Sij comme 
Platon a pense^ il existoit dams la nature une 
echelle d*etres et de substances intelUgentesjusqu*d 
rjEtre Supreme^ Vespece humaine, defendant ses 
droits, auroit une Joule de grands hommes d pre- 
senter ; mais Newton, suivi de ses virites pures, 
montreroit le plus haut degri deforce deV esprit 
humain, et suffiroit seul pour Im assigner sa vrai 
place. • 

. Though the creative power of genius was never 
more clearly evinced than in the discoveries of this 
great philosopher, yet the influence of circumstan- 
ces, always extensive and irresistible in humioi af- 
fairsi can readily ' be traced. The condition of 
knowledge at the time wheii Newton appeared was 
favourable to great exertions ; it was a moment 
when things might be said to be prepared for a re- 
volution in the mathematical and physical sciences. 
The genius of Copernicus had unfolded the true 
system of the world ; and Galileo had shown its 
excellence, land established it by arguments, the 
force of which were generally acknowledged. Kep- 
ler had done still more, having, by an admirable ef- 
fort of generalisation, reduced the facts concerning, 
the planetary motions to three general laws. Cas- 
sini's observations had also extended the third of 



* Hist, de TAstron. Mod* Tom. 11, 
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these laws to the satellites of Jupiter, showing that 
the squares of their periodic times were as the 
cubes of their distances from the centre of the body 
round which they revolved. Tlie imaginary ap- 
paratus of cycles and epicycles,— -the immotnlity of 
the earth,-«-the supposed essential distinction be- 
tween celestial and terrestrial substances, those in- 
superable obstades to real knowledge, which the 
prejudice of the ancients had established as physical 
truths, were entirely removed ; and Bacon had 
taught the true laws of philosophising, and pointed 
out the genuine method of extractiiag knowledge 
from experiment and observation. The leading 
principles of mechanics were established ; and it 
was no unimportant circumstance, that the Vortices 
of Descartes had exhausted one of the sources of 
error, most seducing on accotmt of its simplicity. 

All this had been done when the genius of New- 
ton arose upon the earth. Never till now had 
there been set before any of the human race so 
billiant a career to run, or so noble a prize to be 
obtained. In the progress of knoidedge, a moment 
had arrived more favourable to the developement 
of talent than any other, either later or earlier, and 
in which it might produce the greatest possible ef- 
fect* But, let it not be supposed, while I dius ad- 
mit the influence of external circumstanccb on the 
, tfKertions of intellectual power, that I rat lessening 
the merit of this last, or taking any thing from the 
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adpiration that is due to it. I aid» in truth, only 
distinguishing between what it is possiUet and 
what it is impossible, for the human mind to eflfect. 
With all the aid that circumstances could ^ve, it 
required the highest degree of intellectual power 
to apcomplish what Newton performed. We have 
here a memorable, perhaps a singular instance, 
of the highest degree of intellectual power, 
united to the most favourable condition of things 
for its exertion. Though Newton's situation v^ 
more favourable than that of the men of science 
who had gone before him, it was not more so than 
that of those men who pursued the same objects at 
the same time with himself, placed in a situation 
equally favourable. 

When one considers the splendour of Newton's 
discoveries, the beauty, the simplicity, and gran- 
deur of the system they unfolded, and the demon- 
strative evidence by which that system was sup- 
ported, one could hardly doubt, that, to be receive 
ed, it required only to be made known, and that 
the establishment of the Newtonian philosophy all 
over Europe would very quickly have followed the 
publication of it. In drawing this conclusion, 
however, we should make much too small an allow* 
ance for the influence of received opinion, and the 
^resistance th^t mere habit is able, for a time, to op* 
pose to the strongest evidence. The Caftesiili 
system of vorti^^es had many followers in all the 
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oountrieB of Europe, and particularly in Franee. 
In the universities of England, though the Ari- 
stotelian ^ysics had made an obstinate resistance, 
they had been supplanted by the Cartesian, which 
became firmly established about the time when their 
foundation b^an to be sapped by the general pro- 
gress of science, and particularly by the discoveries 
of Newton, for more than thirty years after the 
publication of those discoveries, the system of vor- 
tices kept its ground, and a translation from the 
French into Latin of the Physics of Rohault, a 
work entirely Cartesian, continued at Cambridge 
to be the text for philosophical instruction. About 
the year 1718, a new and moi'e elegant translation 
of. the same book was published by Dr 3sunuel 
Clarke, with the addition of notes, in which that 
profound and ingenious writer explained the views 
of Newton on the principal objects of discussion, so 
that the notes contained virtually a refutation of 
the text ; they did so, however, only virtually, all 
appearance of argument and controversy being 
carefully avoided. Whether this escaped the no- 
tice of the learned Doctors or not .is uncertain, but 
the new translation, from its better Latinity, and the 
name of the editor, was readily admitted to all the 
academical honours which the old one had enjoyed. 
Thus, the stratagem of Dr Clarke completely suc- 
ceeded ; the tutor might prelect from the text, but 
the pupil would sometimes look into the notes, and 
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error is never so sure of being exposed as when the 
truth is placed close to it, side by side, without 
any thing to alarm prejudice^ or awaken from its 
lethargy the dread of innovation. Thus, therefore, 
the IJewtonian philosophy first entered the Univer- 
sity of Cambridge under the protection of the 
Cartesiatip * 



» The Universities of St Andrews and Edinburgh were, I 
believe, the first in Britain where the Newtonian ))hilosophy^ 
was made the sabject of the academical prelections. For 
this distinction they are indebted to James and David Gre- 
gory^ the first in jsome respects the rival, but both the 
friends of Newton. Whiston bewails, in the anguish of his 
heart, the difference in this respect between those universi- 
ties and his own. David Gregory taught in Edinburgh for 
several years prior to I69O, when he removed to Oxford; 
and-Whiflton says, " He had already caused several of his 
scholars to keep acts, as we call them, upon several branches 
of the Newtonian philosophy, while we at Cambridge. (poor 
wretches) were ignominiously studying the fictitious hypo- 
theses of the Cartesian." (Whiston's Memoirs of his own 
Life.) I do not, however, mean to say, that from this date 
the Cartesian philosophy was expelled from those universi- 
ties; the Physics of Rohault were still in use as a text, at 
least occasionally, to a much later period than this, and a 
great deal, no doubt, depended on the character of the indi- 
vidual professors. Keil introduced the Newtonian philoso- 
phy in his lectures at Oxford in I697 ; but the instructions 
of the tutors, which constitute the real and efficient system 
of the imiversity, were not cast in that mould till long af- 
terwards. The publication oi S'Gravesende's Elements 

12 
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If such were the obstacles to its progress that the 
new philosophy experienced in a country that was 
proud of having given birth to its author, we must 
expect it to advance very slowly indeed among fo- 
reign nations. In France, we find the first astro- 
nomers and mathematicians, sueh men as Cassini 
and Maraldi, quite unacquainted with it, and em- 
ployed in calculating the paths of the comets they 
were observing, on hypotheses the most unfounded 
and imaginary ; long after Halley, following the 
principles of Newton, had computed tables from 
which the motions of all the comets that ever had 
appeared, or ever could appear, might be easily de- 
duced. Fontenelle with great talents and enlarged 
views, and, as one may say. officially informed of 
the progress of science all over Europe, continued 
a Cartesian to the end of his days. Mairan in his 
youth was a zealous defender of the vortices, 
though he became afterwards one of the most stre<* 
nuous supporters of the doctrine of gravitation. . 

A , Memoir of the Chevalier Louville, among 
those of the Academy of Sciences fgr 17^0, is the 
first in that collection, and, I believe, the first pubr 
lished in France, where the elliptic motion of the 
planets is supposed to be produced by the combina«> 
tion of two forces, one projectile and the other cen- 

• .III I I l l I I ' I I I  I . I.I III! Ill 

proves that the Newtonian philosophy was taught in the 
Dutch universities before the date of 171^0. 
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tripetal. Maupertuis soon after went much far- 
ther ; in his el^ant and philoaophic treatise, Fu 
gure des Astres, published about 1790, he not only 
admitted the existence of attraction as a Act, but 
eren defended it, when considered as an univeraal 
pn^rty of body, against the reproach of being a 
metaphysical absurdity. These were considerable 
advances, but they were made slowly ; and it was 
true, as Voltaire afterwards remarked, that thou^ 
the author of the IVincipia survived the publication 
of that great woik nearly forty years, he had not, 
at the time of his death, twenty followers out of 
England. 

We should do wrong, however, to attribute this 
slow conversion of the philosophic world entirely to 
prejudice, inertness, or apathy. The evidence of 
the Newtonian philosophy was of a nature to re- 
quire time in order to make an impression. It ^ 
implied an application of mathematical reasoning 
which was often difficult ; the doctrine of prime 
and ultimate ratios was new to most readers, and 
could be familiar only to those who had studied the 
infinitesimal analysis. 

The principle of gravitation itself was considered 
as difficult to be admitted. When presented, in<- 
deed, as a mere fact, like the weight of bodies at 
the earth's surface, or their tendency to fall to the 
ground, it was free from objection; and it was* 
in this light only that Newton wished it to be con- 
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sidered«* But though this appears to be the 
$aand and philosophical view of the subject, there 
has always appeared a strong desire in those who 
speculated concerning gravitation to go farther, 
and to inquire into the cause of what, as a mere 
fact, they were sufficiently disposed to admit. If 
you said that you had no explanation to give, and 
was only desirous of having the fact admitted,^ they 
alleged, that this was an unsatisfactory proceeding, 
•^^hat it was admittii^ the doctrine of occult 
catiseSi-'^^thBt it amounted to the assertion, that bp-^ 
dies acted in places where they were ndt» — ^a pro*- 
position that, metaphysically considered, was uskr 
doubtedly absurd. The desire to explain gmvita* 
tion is indeed so natural, that Newton himself felt 
its force, and has thrown out, at the end of his 
Optics, some curious conjectures concerning thk» 
general affection of body, and the nature pf that 
elastic ether to whidh he thought that it was per- 
haps to be ascribed. ^' Is not this medium (the 
ether) much rarer within the dense bodies of the 
sun, stars, and planets, than in the empty celestial 

 '^ Vocem attractioms hie generaliter usurpo pro corporum 
conatu quocunque accedendi ad se invicem ; sive conatus iste 
JuU ah actione corporum se mutuo petentium, vd per spirilus 
emissos se mutuo agitaniium ; sive is ah actione cetheris, avt 
^ihis medii eujuscunque, corporei vd inearporei orkur, cofpcy^ 
'^ra innatantia in se invicem utcunque ianpeUentes.** Principia 
Math. Lib. I. Schol. ad finem. Prop. 69* 
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Spaces between them ? And, in pasi^ing from them 
to great distances, does it not grow denser and 
denser perpetually, and thereby cause the gravity 
of those great bodies to one another, every body 
endeavouring to go from the denser parts of the 
medium to the rarer ?" * 

Notwithstanding the highest respect for the au- 
thor of these conjectures, I cannot find any thing 
like a satisfactory explanation of gravity in the ex* 
istence of this elastic ether. It is very true that 
an elastic fluid, of which the density followed the 
inverse ratio of the distance from a given point, 
would urge the bodies immersed in it, and imper« 
vious to it, toward that point with forces inverse- 
ly as the squares of the distances from it; but 
what could maintain an elastic fluid in this condi- 
tion, or with its density varying according to this 
law, is a thing as inexplicable as the gravity which 
it was meant to explain. The nature of an elastic 
fluid must be, in the absence of all inequality of 
pressure, to become every where of the same den- 
sity. If the causes that produce so marked and so 
general a deviation from this rule be not assigned, 
we can only be said to have substituted one diffi- 
culty for another. 

A different view of the matter was taken by some 
of the disciples and friends of Newton, but which 



Optics, Query 21, at the end of the Third Book. 
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certainly did not lead to any thing more satisfactory. 
That philosopher himself had always expressed his 
decided opinion * that gravity could not be consi* 

* The passages quoted sufficiently prove that Newton did 
not consider gravity as a property inherent in matter. The 
following passage^ in one of his Letters to Dr Bentley, is still 
more explicit : '^ It is inconceivable that inanimate brute 
matter should^ without the mediation of something else, 
which is not material, operate upon and affect other matter 
without mutual contact ; as it must dS, if gravitation, in the 
sense of Epicurus, be essential or inherent in it. That gra- 
vity should be innate, inherent, and essential to matter, so 
that one body may act on another, at a distance, through a 
vacuum, without the mediation of any thing else, by and 
through which their action and force may be conveyed firom 
one to another, is,, to me, so great an absurdity, that I believe 
no man who, in philosophical matters, has a competent facul- 
ty of thinking can ever fall into itJ' (Newtoni Opera, Tom. 
IV. Horsley's edit. p. 438.) On this passage I cannot help 
remarking, that it is not quite clear in what manner the in- 
terposition of a material substance can convey the action of 
distant bodies to one another. In the case of percussioQ or 
pressure, this is indeed very intelligible, but it is by no- 
means so in the case of attraction. If two particles of mat* 
ter, at opposite extremities of the diameter of the earth, at- 
tract one another, this effect is Just as little intelligible, and 
the modus agendi is just as mysterious^ on the supposition- 
that the whole globe of the earth is interposed, as on that of 
nothing whatever being interposed, or of a complete vacuum 
existing between them. It is not enough that each particle 
attracts that in contact with it; it must attract the particles 
l3iat are distant, and the intervention of particles betw^ai 
hem does not render this at all more intelligible. 
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dered as a property cf matter ; but Mr Cotes, in 
the preface to the second edition of the Principia, 
maintains, that gravity is a property which we have 
the same right to ascribe to matter, that we have to 
ascribe to it extension, impenetrability, or any 
other property. This is said to have been inserted 
without the knowledge of Newton,— a freedom 
which it is difficult to conceive that any man could 
use with the author of the Frincipia. However 
that be, it is cerCiain that these difficulties have 
been always felt, and. had their share in retarding 
the progress of the philosophy to which they seem- 
ed to be inseparably attached. 

There were other arguments of a less abstruse 
nature, and more immediately connected with ex- 
periment, v^hich, for a time, resisted the progress 
of the Newtonian philosophy, though they contri- 
buted, in the end, very materially to its advance- 
ment. Nothing, indeed, is so hostile to the inte- 
rests of truth, as facts inaccurately observed ; of 
which we have a remarkable example in the mea- 
surement of an arch of the meridian across France, 
from Amiens to Perpignan, though so large as to 
comprehend about seven degrees, and though exe- 
cuted by Cassini, one of the first astronomers in 
Europe. According to that measurement, the de- 
grees seemed to diminish on going from south to 
north, each being less by about an 800th part than 
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that which immediately preceded it toward the 
south. From this result, which is entirely errone- 
ous, the conclusion first deduced was correct, the 
error in the reasoning, by a very singular coinci- 
dence, having corrected the error in the data from 
which it was deduced. Fontenelle argued that, as 
the degrees diminished in length on going toward 
the poles, the meridian must be less than the cir^ 
cumference of the equator, and th$ earth, of course, 
sweUed out in the plane of that circle, agreeably to 
the facts that had been observed concerning the re- 
tardation of t^e pendulum when carried to the 
south. This, however, was the direct contrary of th^ 
conclusion which ought to have been drawn, as was 
soon perceived by Cassini and by Fontenelle him- 
self. The degrees growing less as they approached 
the pole, was an indication of the curvature grow- 
ing greater, or of the longer axis of the meridiui 
being the line that passed through the poles, and 
that coincided with the axis of the earth. The fi- 
gure of the earth must, therefore, be that of an ob- 
long spheroid, or one formed by the revolution of 
an ellipsis about its longer axis. This conclusion 
seemed to be strengthened by the prolongation of 
the meridian from Amiens northward to Dunkirk 
in 17139 ss the same diminution was observed ; the 
medium length of the degree between Paris and 
Dunkirk being 56970 toises, no less than 187 less 

VOL II. E e 
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than the mean of the degrees toward the south. ^ 
All this seemed quite inconsistent with the observa- 
tions on the pendulum, as well as with the conclu- 
sions which Newton had deduced from the theory 
of gravity. The Academy of Sciences was thus 
greatly perplexed, and uncertain to what side to 
incline. In these circumstances, J. Cassini, whose 
errors were the cause of all the difficulty, had the 
merit of suggesting the only means by which the 
question concerning the figure of the earth was 
likely to receive a satisfactory solution, — ^the mea- 
surement of two degrees, the one under the equa- 
tor, and the other as near to the pole as the nature 
of the thing would admit. But it was not till con- 
siderably beyond the limits of the period of which 
I am now treating, that these measures were exe- 
cuted ; and that the increase of the degrees toward 
the poles, or the oblateness of the earth's figure, 
was completely ascertained. Cassini, on resuming 
his own operations, discovered, and candidly ac- 
knowledged, the errors in his first measurement; 
and thus the objections which had arisen in this 
quarter against the theory of gravity became irre- 
sistible arguments in its favour. This subject will 
occupy much of our attention in the history of the 
second period^ till which, the establishment of the 



* M6moires de I'Acad. des Sciences, 1718, p. 245. 
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Newtonian philosophy oii the continent cannot be 
said to have been accomplished. 

In addition to these. discoveries in physical astro- 
nomy, this period affords several in the descriptive 
parts of the science, of which, however, I can only 
mention one, as far too important to be passed over 
in the most general outline. It regards the appa- 
rent motion in the fixed stars, known by the name 
of the Aberration, and is the discovery of Dr 
Bradley, one of the most distinguished astronomers 
of whom England has to boast. Bradley and his 
fniend/Molyneux, in the end of the year 1725, * 
were occupied in searching for the parallax of the 
fixed stars by means of a zenith sector, constructed 
by Graham, the most skilful instrument-maker of 
that period. The sector was erected at Kew ; it 
was of great radius, and furnished with a telescQpe 
twenty-four feet in length, with which they.propoa* 
ed to observe the transits of stars near the zenith, 
aecerding.to a method that was first suggested by 
Hooke, and pursued by him so far as to induce him 
to think that he had actually discovered the paral- 
lax of y DraconiSy the bright star in the head of 
the dragon, on which he made his observations. 
They began their observations of the transits of the 
same star on the 3d of December, when the distance 
from the zenith at which it passed was carefully 

» Phil. Trans. Vol. XXXV. p. 697. 
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marked. By the observations of the subsequent 
days the star seemed to be moving to the south ; 
imd about the beginning of March, in the follow- 
ing year, it had got W to the south, and was then 
nearly stationary. In the beginning of June it 
had come back to the same situation where it was 
first observed, and from thence it continued its 
motion northward till September, when it was about 
20" north of the point where it was first seen, its 
whole change of declination having amounted to 
40". 

This motion occasioned ti good deal of surprise 
to the two observers, as it lay the contrary way to 
what it would have done if it had proceeded from 
the parallax of the star. The repetition of the ob- 
serrations, however, confirmed their accuracy } and 
they were afterwards pursued by Dr Bradley, with 
another sector*constructed also by Graham, of a less 
radius, but still of one sufficiently great to measure 
a star's zenith distance to half a second. It em- 
braced a larger arch, and admitted of the observa- 
tions being extended to stars that passed at a more 
considerable distance from the zenith. 

Even with this addition the observations did not 
put Bradley in possession of the complete fact, as 
they only gave the motion of each star in declina- 
tion, without giving information about what change 
fnight be produced in its right ascension. 

Had the whole fact, that is, the motion in right 
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ascension as well as in declination been given from 
observation, it could not have been long before the 
cause was discovered. With such information, 
however, as Dr Bradley had, that discovery is cer» 
tainly to be regarded as a great effort of sagacity. 
He has not told us the steps by which he was led 
to it ; only we see that, by the method of exclu- 
sion, he had been careful to narrow the field of hy- 
pothesis, and had assured himself that the pheno* 
menon was not produced by any nutation of the 
earth's axis ; by any change in the direction of the 
plumb-line, or by refraction of any kind. All these 
causes being rejected, it occurred to him that the 
appearances might arise from the progressive motion 
of light combined with the motion of the earth in 
its orbit. He reasoned somewhat in this maimer. 
If the earth were at rest, it is plain that a telescope, 
to admit a ray of light coming from a star to pass 
along its axis, must be directed to the star itself. 
But, if the earth, and, of course, the telescope be 
in motion, it must be inclined forward, so as to be 
in the diagonal of a parallelogram, the sides of 
which represent the motion of the earth, and the 
motion of light, or in the direction of those mo- 
tions, and in the ratio of their velocities. It is 
with the telescope just as with the vane at the mast* 
head of a ship ; when the ship is at anchor, the 
vane takes exactly the direction of the wind ; when 
the ship is under weigh, it places itself in the dia- 
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gonal of a parallelogram, of which one side repre- 
sents the velocity of the ship, and the other the ve- 
locity of the wind. If, instead of the vane, we con-« 
ceive a hollow tube, moveable in the same manner, 
the case will become more exactly parallel to that of 
the telescope. The tube will take such a position 
that the wind may blow through it without striking 
against the sides, and its axis will then be the dia- 
gonal of the parallelogram just referred to. 

The telescope, therefore, through which a star is 
viewed, and by the axis of which its position is de- 
termined, must make an angle with the straight 
line drawn to the star, except when the earth moves 
directly upon the star, or directly from it. Hence 
it follows, that if the star be in the pole of the 
ecliptic, the telescope must be pointed forward, in 
the direction of the earth's motion, always by the 
same angle, so that the star would be seen out of 
its true place by that angle, and would appear to 
describe a circle round the pole of the ecliptic, the 
radius of which, subtended at the earth, an angle, 
of which the sine is to unity, as the velocity of the 
earth to the velocity of light. If the star be any 
where between the plane of the ecliptic and the 
pole, its apparent path will be an ellipse, the longer 
axis of which is the same with the diameter of the 
former circle, and the shorter equal to the same 
quantity, multiplied by the sine of the star's lati- 
tude. If the star be in the plane of the ecliptic. 
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this shorter axis vanishes, and the apparent path of 
the star is a straight line, equal to the axis just 
mentioned. 

Bradley saw that Roemer's observation concern- 
ing the time that light takes to go from the siin to 
the earth gave a ready expression for the velocity of 
light compared with that of the earth. The pro- 
portion, however, which he assumed as best suited 
to his observations was somewhat different } it was 
that of 10313 to 1, which made the radius of the 
circle of aberration SC/^ and the transverse axis of 
the ellipse in every case, or the whole change of po« 
sition, 4(/^ It was the shorter axis which Brad- 
ley had actually observed in the case of 7 Draconis^ 
that star being very near the solstitial colure, so 
that its changes of declination and of latitude are 
almost the same. In order to show the truth of 
his theory, he computed the aberration of different 
stars, and, on comparing the results with his obser- 
vations, the coincidence appeared almost perfect, 
so that no doubt remained concerning the truth of 
the principle on which he had founded his calcula- 
tions. He did not explain the rules themselves : 
Clairaut published the first investigation of these iu 
the Memoirs qfthe Academy of Sciences for 1737« 
Simpson also gave a demonstration of them in his 
Essay Sy published in 1740. 

It has been remarked, that the velocity of light, 
as assumed by Bradley, did not ei^actly agre^ with 
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that ichick Roemer had assigned ; supposing the to- 
tal amount of the aberration 40|", it gave the time 
that light takes to come from the sun to the earth 
8^ IS'^ ; but it is proper to add, that since the time 
of this astronomer, the velocity of light deduced 
from the eclipses of Jupiter's satellites has been 
found exactly the same. 

It is remarkable that the phenomenon thus dis- 
covered by Bradley and Molyneux, when in search 
of the parallax of the fixed stars, is in reality as 
convincing a proof of the earth's motion in its or- 
bit, as the discovery of that parallax would have 
been. It seems, indeed, as satisfactory as any evi- 
dence that can be desired. One only relets, in 
reflecting on this discovery, that the phenomenon 
of the aberration was not foreseen, and that, after 
being predicted from theory, it had been ascertain- 
ed from observation. As the matter stands, how- 
ever, the discovery both of the fact and the theory 
is highly creditable to its author. 



' In the imperfect outline which I have now 
dcetched of one of the most interesting periods in 
the history of human knowledge, much has been 
emitted, and many great characters passed over, 
Iwt, as it were, in the splendour of the two great 
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laminaries which marked this epochs. NewMn 
and Leibnitz are so distinguished from the rest 
eren of the scientific world, that we can only com- 
pare them with one another, though, in fact, no 
two intellectual characters, who both reached the 
highest degree of exceUence, were ever more dis- 
similar. . 

For the variety of his genius, and the extent of 
his research, Leibnitz is perhaps altogether unrival* 
led. A lawyer, a historian, an antiquary, a poet, 
and a philologist, — a mathematician, a metaphysi- 
cian, a theologian, and I will add a geologist, he 
has in all these characters produced works of great 
merit, and in some of them of the highest excellence. 
It is rare that original genius has so little of a pe- 
culiar direction, or is disposed to scatter its eflPorts 
over so wide a field. Though a man of great in- 
ventive powers, he occupied much of his time in 
works of mere labour and erudition, where there 
was nothing to invent, and not much of importance 
to discover. Of his inventive powers as a mathe- 
matician we have already spoken ; as a metaphysi- 
cian, his acuteness and depth are universally admit- 
ted ; but metaphysics is a science in which there 
are few discoveries to be made, and the man who 
searches in it for novelty, is fdore likely to find 
what is imaginary than what is real. The notion 
of the Monads^ those unextended units, or simple 
essences, of which, according to this philosophSTi 
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aU ihiogs corporeal and spiritual, material or intel- 
lectualy are formed, will be readily allowed to hare 
more in it of novelty than truth. The pre-esta^ 
blished harmony between the body and the mind, 
by which two substances incapable of acting on one 
another, are so nicely adjusted from the beginning, 
that their movements for ever correspond, is a sys- 
tem of which no argument can do more than prove 
the possibility. And, amid all the talent and 
acuteness with which these doctrines are supported, 
it seems to argue some unsoundness of understand* 
ing, to have thought that they could ever find a 
place among the established . principles of human 
knowledge. 

Newton did not aim at so wide a range. Fortii> 
nately for himself and for the world, his genius was 
more determined to a particular point, and its ef- 
forts were more concentrated. Their direction 
was to the accurate sciences, and they soon proved 
equally inventive in the pure and in the mixed 
mathematics. Newton knew how to transfer the 
truths of abstract science to the study of things ac- 
tually existing, and, by returning in the opposite 
direction, to enrich the former by ideas derived 
from the latter. In experimental and inductive 
investigation, he was as great as in the pure mathe- 
matics, and his discoveries as distinguished in the 
one as in the other. In this double claim to re- 
nown, Newton stands yet unrivalled \ and though, 
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in the pure mathematics, equals may perhaps be 
found, no one, I believe, will come forward as his 
rival both in that science and in the philosophy of 
nature. His caution in adopting general prin- 
ciples ; his dislike to what was vague or obscure ; 
his rejection of all theories from which precise 
conclusions cannot be deduced ; and his readinei^ 
to relinquish those that depart in any degree from 
the truth, are, throughout, the characters of his 
philosophy, and distinguish it very essentially from 
the philosophy of Leibnitz. The characters now 
enumerated are most of them negative, but without 
the principles on which they are founded, inven*^ 
tion can hardly be kept in the right course. The 
German philosopher was not furnished with them 
in the same degree as the English, and hence his 
great talents have run very frequently to waste. 

It may be doubted also, whether Leibnitz's 
great metaphysical acuteness did not sometimes 
mislead him in the study of nature, by inclining 
him to those reasonings which proceed, or affect 
to proceed, continually from the cause to the ef- 
fect. The attributes of the Deity were the axioms 
of his philosophy ; and he did not reflect that this 
foundation, excellent in itself, lies much too deep 
for a structure that is to be raised by so feeble an 
architect as man ; or, that an argument, which sets 
out with the most profound respect to the iSupreme 
Being, usually terminates in the most unwarrant- 
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able presumption. His reasonings from first causes 
are always ingenious ; but nothing can prevent the 
substitution of such causes for those that are phy- 
sical and efficient, from being one of the worst and 
most fatal errors in philosophy. 

As an interpreter of nature, therefore, Leibnitz 
stands in no comparison with Newton. His gene- 
ral views in physics were vague and unsatisfactory ; 
he had no great value' for inductive reasoning ; it 
was not the way of arriving at truth which he was 
accustomed to take ; and hence, to the greatest 
physical discovery of that age, and that which was 
established by the most ample induction, the exist- 
ence of gi^avity as a fact in which all bodies agree, 
he was always incredulous, because no proof of it, 
d priori^ could be given. 

As to who benefited human knowledge the 
most, no question, therefore, can arise ; and if ge- 
nius is to be weighed in this balance, it is evident 
which scale must preponderate. Except in the 
pure mathematics, Leibnitz, with all his talents^ 
made no material or permanent addition to the 
sciences. Newton, to equal inventions in mathe- 
matics, added the greatest discoveries in the philo- 
ii^hy of nature ; and, in passing through his 
lumds. Mechanics, Optics, and Astronomy, were 
not merely improved, but renovated. No one 
•wr left knowledge in a state so diflPerent from 
tbut in which he found it. Men were instructed 
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not only in new truths, but in new methods of dis- 
covering truth ; they were made acquainted with 
the great principle which connects together the 
most distant regions of space, as well as the most 
remote periods of duration ; and which was to lead 
to future discoveries, far beyond what the wisest or 
most sanguine could anticipate. 
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